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ABSTRACT
The m ic ro s t ru c tu ra l  r e o r i e n t a t i o n  o ccu rr in g  d u r in g  an n ea lin g  
o f  v a r io u s  grades o f  o r ie n te d  high-and lo w -d en s ity  p o ly e th y le n e s  was 
examined us in g  v ide  and low angle X-ray d i f f r a c t i o n .  The d i f f e r e n c e s  
in  th e  degree o f  r e o r i e n t a t i o n  were in te r p r e te d  in  term s o f  th e  
r e l a t i v e  c r y s t a l l i n i t i e s  o f  th e  d i f f e r e n t  g ra d e s .  D i f f e r e n t i a l  
scanning c a lo r im e try  was used to  r e l a i e  th e  m elting  "behaviour o f  
th e  specimens to  th e i r -  s t r u c t u r e .  ,
Drawing a t  e lev a ted  tem pera tu res  r e s u l t e d  i n  specimens 
w ith  a p a r t i c u l a r l y  simple t e x tu r e  where th e  s ta c k s  o f  la m e lla e  
were in c l in e d  w ith  t h e i r  normals a ligned p a r a l l e l  to  the  drawing 
d i r e c t i o n .  Specimens w ith  t h i s  i n i t i a l  te x tu re  were annealed 
and t h e i r  e l a s t i c  c o n s ta n ts  determined by u l t r a s o n ic  te c h n iq u e s .
A study o f  fo u r  d i f f e r e n t  u l t r a s o n ic  tech n iq u es  was made 
to  determ ine t h e i r  r e l a t i v e  accuracy and r e p r o d u c i b i l i t y  in  
measuring the  v e lo c i ty  o f  s t r e s s  waves in  o r ie n te d  po lye thy lene*  .
The h ig h ly  a n is o t ro p ic  n a tu re  of th e  specimens la d  to  d i f f r a c t i o n  
and d is p e r s io n  e f f e c t s ,  w ith  th e  r e s u l t  t h a t  two^of th e  te c h n iq u e s  
were found to  be u n s u i ta b le  f o r  o r ie n te d  system s.
The symmetry.of th e  drawn and annealed specimens was found
to  be approxim ately  h e x a g o n a l / ra th e r  th a n  orthorhom bic. The
va lue  o f  th e  e l a s t i c  co n s ta n t  was shown to  in c re a se  w ith  draw
r a t i o  to  over 70 GPa f o r  draw r a t i o s  o f  x25• A f te r  an n e a lin g  a t
tem pera tu res  approaching th e  m elting  p o in t ,  th e  va lu e  o f  f e l l  to55
about 10^ o f  i t s  as-drawn v a lu e .  This  behav iour i s  c o r r e la t e d  w ith  
th e  lo s s  o f  o r i e n ta t i o n  o f  the  molecules in  th e  amorphous phase
during  an n e a l in g .  The e l a s t i c  c o n s ta n ts  ^ 2 2 ’ ^44 an^ ^55
were com para tive ly  i n s e n s i t i v e  to  changes in  m olecular o r i e n t a t i o n .
A simple s t r u c t u r a l  model was proposed and developed and 
i t s  e l a s t i c  c o n s ta n ts  e v a lu a te d .  The ex p e r im en ta l ly  measured 
e l a s t i c  c o n s ta n ts  were compared w ith  th e  model e l a s t i c  c o n s ta n ts  
by u s in g  t h e o r e t i c a l l y  determ ined v a lu e s  o f  th e  e l a s t i c  moduli 
o f  polyethylene, c r y s t a l s  in  th e  ex p ress io n s  developed to  d e sc r ib e  
th e  e l a s t i c  p r o p e r t i e s  o f  th e  model. Good . .q u an ti ta t iv e  c o r r e l a t i o n  
was found between th e  p re d ic te d  and measured e l a s t i c  c o n s ta n ts ,  
ta k in g  in to  account t h e i r  r e l a t i v e  c r y s t a l l i n i t i e s .
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CHAPTER 1 
General I n t ro d u c t io n
1 . 1 . I n tro d u c to ry  Remarks
I n  r e c e n t  y e a rs  th e  importance o f  e s t a b l i s h in g  th e  e f f e c t  o f  
p h y s ic a l  m ic ro s tru c tu re  on th e  mechanical p r o p e r t i e s  o f  th e rm o p la s t ic s  
has  been re c o g n ise d .  One a s p e c t .o f  m ic ro s t ru c tu re  which has  a  
co n s id e ra b le  e f f e c t  on mechanical p r o p e r t i e s  i s  m olecu lar  o r i e n t a t i o n  
and t h i s  i s  p a r t i c u l a r l y  ev iden t in  th e  p ro c e ss in g  o f  polym ers. The 
two most common methods o f  th e rm o p la s t ic  f a b r i c a t i o n  which account 
f o r  85^  o f  mouldings a re  e x t ru s io n  and i n j e c t i o n  moulding ( l ) ,  bo th  
o f  which induce a degree o f  m olecular o r i e n t a t i o n  i n  th e  moulding. 
Depending on th e  l e v e l  and d i r e c t i o n  o f  t h i s  o r i e n t a t i o n  i t  may 
e i t h e r  enhance o r  d e t r a c t  from th e  o v e r a l l  performance o f  th e  
product ( 2) .  Hence-the e f f e c t  o f  m olecular  o r i e n ta t i o n  in  p a r t i c u l a r  
i s  o f  immediate te c h n o lo g ic a l  importance as w ell  as b e in g  o f  co n s id ­
e ra b le  s c i e n t i f i c  i n t e r e s t .  From th e  s c i e n t i f i c  v iew p o in t,  i t  has 
been observed t h a t  th e  s t r u c tu r e - p r o p e r ty  s tu d ie s  on o r ie n te d  systems 
in  g e n e ra l  p rov ide g r e a t e r  in s ig h t  in to  th e  r e l a t i o n s h i p  th a n  s im i l a r  
s tu d ie s  on u n o r ie n te d ,  i . e .  s p h e r u l i t i c  systems ( 3) .  C onsequently  
t h i s  s tudy , i n  common w ith  many o th e r s ,  has been p r in c ip a l l y  
concerned w ith  th e  s tudy o f  o r ie n te d  system s. The m a jo r i ty  o f  
p rev ious  s tu d ie s  have used p o lye thy lene  as t h i s  i s  th e  s im p le s t  
s y n th e t ic  polymer a v a i la b le  and i s  a lso  one of th e  most im portan t 
polymers t e c h n o lo g ic a l ly .  I t  a lso  has  th e  advantage t h a t ,  acco rd in g  
to  th e  p ro d u c tio n  method, i t  can be manufactured in  a wide range  o f  
d e n s i t i e s ,  th u s  a llow ing  th e  e f f e c t  o f  c r y s t a l l i n i t y  on p r o p e r t i e s
to  be examined. '
1*2. Background to  p re se n t  work 
1 * 2 .1 .  Morphological s tu d ie s
The d isco v e ry  th a t  po lye thy lene  may be c r y s t a l l i z e d  from 
s o lu t io n  in to  s in g le  c r y s t a l s  w ith  th e  m olecular  ch a in s  fo lded  
r e g u la r ly ,  i n i t i a t e d  r e se a rc h  in to  th e  s t r u c tu r e  and morphology 
o f  polymer c r y s t a l s  (4)* T r a d i t io n a l  te ch n iq u es  o f  o p t i c a l  and 
e le c t r o n  microscopy with. X -ray d i f f r a c t i o n  were used to  measure, 
f o r  example, th e  fo ld  le n g th  o f  s in g le  c r y s t a l s  as  a fu n c t io n  o f  
c r y s t a l l i z a t i o n  and co o lin g  c o n d i t io n s  ( 5 ) .  Mats o f  s in g le  
c r y s t a l s  were p repared  and deformed m echanically  by drawing o r  
com pression, o r  th e rm a lly  d u r in g  an n ea lin g  to  determ ine th e  
m olecu lar  deform ation  modes ( 5 *6, 7 )* l o g i c a l  e x te n s io n  o f
s tu d ie s  on s in g le  c ry s ta l  mats was to  perform  s im i l a r  experim ents  
on m e l t - c r y s ta l l i z e d  p o ly e th y le n e .  The defo rm ation  o f  m e l t -  
c r y s t a l l i z e d  f i lm s  was s tu d ie d  by microscopy and X-ray d i f f r a c t i o n  
and in t e r p r e t e d  in  the  l i g h t  o f  th e  c r y s t a l lo g r a p h ic  s t r u c t u r e .  
V arious d i f f e r e n t  modes o f  defo rm ation  were found to  occur w i th in  
th e  s p h e ru l i t e  a r i s i n g  from th e  d i f f e r i n g  o r i e n t a t i o n s  o f  th e  c h a in  
and la m e l la r  axes to  th e  s t r e s s  a x is  (8-14)* The complete 
d e s t r u c t io n  o f  th e  s p h e r u l i t e s  du r in g  u n ia x ia l  drawing was s tu d ie d  
in  g re a t  d e t a i l  ( l 5~ l8 ) .
In  a . s y s t e m a t i c ■study  o f  a drawn low d e n s i ty  p o ly e th y le n e ,  
K e l le r  e t  a l  examined m olecular  and la m e l la r  o r i e n t a t i o n  d u r in g  
ann ea lin g  (1 9 -2 1 ) .  Using i n i t i a l l y  wide angle X-ray d i f f r a c t i o n  
and o p t ic a l  b i r e f r in g e n c e  te c h n iq u e s ,  th e  o r i e n t a t i o n  o f  th e  
m olecu lar cha ins  o f  th e  i n i t i a l  drawn and r o l l e d  m a te r ia l  was-
determ ined and subsequen tly  monitored a f t e r  annea ling  a t  s u c c e ss iv e ly  
.h ig h er  tem p era tu res  (1.9) • Subsequently low angle d i f f r a c t i o n  p a t t e r n  
were tak en  o f  th e  same specimens to  monitor th e  l a m e l la r  o r i e n ta t i o n  
d u r in g  annea ling  (2 0 ) .  Based mainly on th ese  experim ents a model 
o f  th e  t e x tu r e  o f  drawn po lyethy lene  was proposed. The b a s ic  element 
i n  th e  model was th e  la m e l la  which c o n s is t s  o f  fo lded  ch a in s  ( s im i l a r  
t o  l a m e l la r  s in g le  c r y s t a l s  c r y s t a l l i z e d  from s o l u t i o n ) , a lthough  
i n  g en e ra l  th e  fo ld  su rfa c e  was more i r r e g u l a r  and con ta ined  lo o se  
lo o p s ,  cha in  ends and in te r ! a m e l la r .  t i e  ..molecules. The la m e lla e  
were arranged in  s ta c k s  w ith  the  normal to  th e  la m e l la  su rfa c e  not 
n e c e s s a r i ly  p a r a l l e l  w ith  the* s t a c k .  Annealing a t  te m p era tu re s  
above about 70°C caused- a r o t a t i o n  o f  th e  lam e llae  u n t i l  t h e i r  
normals were p a r a l l e l  w ith  t h e .o r i e n t a t i o n  d i r e c t i o n .  T h is  r o t a t i o n  
was caused by i n t e r l a m e l l a r  s l i p  a c t iv a te d  by th e  r e l a x a t i o n  o f  th e  
s t r a in e d  m olecules du ring  th e  annealing  t r e a tm e n t .  I t  was found 
t h a t  when the  lam e llae  normals were p a r a l l e l  w ith  th e  o r ig i n a l  
o r i e n ta t i o n  d i r e c t io n ,  the  la m e l la r  s l i p  mode o f  defo rm ation  
became in o p e ra t iv e  and ch a in  s l i p  p r e v a i le d .  T his  was observed 
as  a r o t a t i o n  o f  th e  ch a in  axes away from th e  o r i e n t a t i o n  d i r e c t io n *
A schem atic diagram o f  th e  sequence o f  t e x tu re s  observed d u r in g  
annea lin g  i s  shown in  F igu re  1*1. The specimens a f t e r  drawing 
and r o l l i n g  had a double te x tu re  i . e .  th e  l a m e l la r  normals were 
in c l in e d  a t  equal p o s i t iv e  and nega tive  angles  to  th e  o r i e n t a t i o n ,  
d i r e c t i o n .  The t h i n  i n i t i a l l y  v e r t i c a l  l i n e s  in  F igu re  1 .1 .  
r e p re s e n t  th e  ch a in  o r i e n ta t i o n  and th e  th icker> .,transverse  l i n e s  
th e  d iso rd e red  amorphous m a te r ia l  on the  fo ld  s u r f a c e .  The 
diagrams a re  drawn such t h a t  th e  o r ie n ta t i o n  d i r e c t i o n  i s  v e r t i c a l
and th e  Tx a x is  o f  th e  u n i t  c e l l  i s  normal to  th e  paper s u r f a c e .
The r e l a t i o n s h i p  between th e  u n i t  c e l l  d i r e c t io n s  and the  
macroscopic axes w i l l  be more f u l l y  d esc rib ed  l a t e r *
• Follow ing th e se  annea ling  experim ents, drawn specimens w ith
i
s p e c i a l ly  p repared  te x tu r e s  were deformed m echanically  ini u n ia x ia l  
te n s io n  o r  compression and th e  r e s u l t i n g  la m e l la r  and m olecular 
r e o r i e n t a t i o n  monitored by w ide- and low -angle  X-ray d i f f r a c t i o n  ( 2 l ) .  
I t  was foupd t h a t  th e  l a m e l la r  and c h a in  r o t a t i o n s  t h a t  occurred  
d u r in g  u n ia x ia l  compression were e x a c t ly  analogous to  th o se  
o c c u r r in g  d u r in g  an nea ling , which confirmed th e  o r ig in a l  i n t e r ­
p r e t a t i o n  o f  th e  cause o f  th e  la m e l la r  r o t a t i o n .  The dim ensional 
changes t h a t  occurred  d u r in g  th e  compression were found to  be 
s i g n i f i c a n t l y  l a r g e r  th an  th o se  o c c u rr in g  d u r in g  an n ea lin g  and to  
e x p la in  t h i s  r e s u l t  a d d i t io n a l  com pliant amorphous re g io n s  o u ts id e  
th e  l a m e l la r  s ta c k s  were p o s tu la te d .  The e x is te n c e  o f  t h i s  e x t r a -  
l a m e l la r  amorphous m a te r ia l  was confirmed in  a l a t e r  experiment 
when comparison o f  th e  macroscopic s t r a i n  and l a m e l la r  s t r a i n  
d u r in g  u n ia x ia l  compression in d ic a te d  re g io n s  o f  high compliance 
o u ts id e  th e  la m e l la r  s ta c k s  (2 2 ) .  F u r th e r  experim ents r e l a t i n g  
m icroscopic  o r i e n ta t i o n  w ith  macroscopic deform ation  were 
performed on double and s in g le  te x tu re d  specimens a t  room and e le v a te d  
te m p e ra tu re s ,  and th e  proposed la m e l la r  model confirmed ( 23)*
S in g le  te x tu re d  specimens have been prepared  by r o l l i n g  a m e l t -  
p ressed  s t r i p  in  one d i r e c t io n  only , which r e s u l t s  in  th e  m a te r ia l  
on th e  r o l l e d  s u r fa c e s  having lam ellae  in c l in e d  in  only one 
d i r e c t io n .  Such specimens have been examined a f t e r  a n n ea lin g  and 
deform ation  ( 24*25) .  The r e s u l t s  o f  th e se  experim ents could only  
be i n t e r p r e t e d  by p o s tu la t in g  an a d d i t io n a l  re g io n  o f  amorphous 
m a te r ia l  in  p a r a l l e l  w ith  th e  la m e l la r  s ta c k s .
1 .2*2 . ' Deformation o f  o r ien ted , polymers
Well c h a ra c te r iz e d  o r ie n te d  polymers were used f o r  s tu d y in g  
f r a c t u r e  and s l i p  mechanisms as th e  deform ation  mechanisms werei
more e a s i l y  i d e n t i f i a b l e .  V arious modes o f  defo rm ation  wjere 
i d e n t i f i e d ,  in c lu d in g  ch a in  s l i p ,  f i b r i l l a r  s l i p  and la m e l la r  
r o t a t i o n ,  by c o r r e l a t i n g  th e  m olecular and la m e l la r  r e o r i e n t a t i o n  
w ith  macroscopic dim ensional changes or th e  movement o f  ink  g r id s  
im prin ted  on th e  specimen su rface  ( 26- 28) .
One o f  th e  f i r s t  a t tem p ts  to  measure th e  e l a s t i c  o r  compliance 
c o n s ta n ts  f o r  o r ie n te d  m a te r ia l  was by Rauman and Saunders (29) and 
subsequen tly  Ward and co-workers made a  s e r i e s  o f  s tu d ie s  on 
u n i a x i a l l y  drawn po lye thy lene  (30-33)* These experim ents  measured 
th e  compliance c o n s ta n ts  o f  th e  drawn s t r i p s  u s in g  s tan d a rd  t e n s i l e  
and to r s io n a l  s t r a i n i n g  te c h n iq u e s ,  which n e c e s s i t a t e  th e  a p p l i c a t io n  
o f  p r in c ip l e s  developed f o r  i s o t r o p i c  media to  h ig h ly  a n i s o t r o p ic  
media. Recent experim ents to  determ ine th e  e f f e c t  o f  th e  specimen 
a sp ec t  r a t i o  on th e  measured moduli have in d ic a te d  t h a t  c o n s id e ra b le  
ca re  i s  needed in  th e  i n t e r p r e t a t i o n  o f  th e  r e s u l t s  from such 
experim ents  ( 34- 37)* . '
The long term  creep  behav iour o f  o r ie n te d  p o ly e th y len e  has 
shown th e  d i r e c t  in f lu e n c e  o f  th e  l a m e l la r  s t r u c tu r e  and m o lecu la r  
o r i e n ta t i o n  on th e  v i s c o e l a s t i c  response ( 38- 41)*
1*3* The in f lu e n c e  o f  s t r u c tu r e  on p r o p e r t i e s
One o f  th e  c u r re n t  l i m i t a t i o n s  on th e  use o f  th e rm o p la s t ic s  
in  load  b e a r in g  a p p l ic a t io n s  i s  th e  low modulus t h a t  i s  a c h iev ab le  
in  p r a c t i c e .  The t h e o r e t i c a l  Young*s modulus f o r  p o ly e th y len e  i s  
comparable w ith t h a t  o f  s t e e l  ( 42- 44) and consequen tly  c o n s id e ra b le
r e se a rc h  e f f o r t  has  been d i r e c te d  a t developing  te ch n iq u es  to  
achieve th e  t h e o r e t i c a l  modulus by th e  d e l ib e r a te  c o n t ro l  o f  
micro s t r u c t u r e .  One method of ach iev ing  a h ig h er  Young* s r^iodulus 
th a n  i s  normally p o s s ib le  by conven tional u n ia x ia l  drawing jis to  
c a r e f u l l y  c o n t ro l  th e  co o lin g  r a t e  o f  th e  m e lt-p ressed  s h e e t .
With th e  s e l e c t i o n 'o f  an a p p ro p r ia te  grade o f  p o ly e th y len e  
acco rd ing  to  i t s  m olecular weight and m olecu lar  weight d i s t r i b u t i o n ,  
draw r a t i o s  o f  x30 and moduli in  excess o f  70 GPa a re  a t t a in a b le  
(4 5 -5 0 ) .  Techniques such as s o l id  s t a t e  e x t ru s io n  ( 5 l )  o r  
e x t ru s io n  o f  th e  melt in  a c a p i l l a r y  rheom eter. 'a lso  produce s t r i p s  
o f  polymer w ith  Young*s moduli o f  over 70 GPa (52—60) .
I n  each o f  th e  above methods o f  a t t a i n i n g  h igh moduli, 
m orphological exam ination o f  th e  specimens has re v e a le d  d i s t i n c t
d i f f e r e n c e s  over th e  morphology o f  c o n v e n tio n a lly  drawn m a te r i a l .
\
In  th e  case  of th e  c o n t r o l l e d  c o o l in g - r a te  method, low m olecular 
weight components have been i d e n t i f i e d  surround ing  th e  s p h e r u l i t e s  
and in  th e  e x t ru s io n  method, th e  h igh  modulus has been a t t r i b u t e d  
t o  th e  form ation  o f  extended ch a in  c r y s t a l s  du ring  p ro c e s s in g .
I t  i s -  ev id en t from th e se  examples,, t h a t  s tu d ie s  r e l a t i n g  th e  
p r o p e r t i e s  o f  a polymer to  i t s  p re p a ra t io n  techn ique  and i t s  
m ic ro s tru c tu re  can le a d  t o  an improvement i n  i t s  p r o p e r t i e s .
1 .4 .  O u tline  o f  th e  p r o je c t .
L argely  as a r e s u l t  o f  th e  sy s tem atic  sequence o f  experim ents  
o f  Hay and K e l le r  and co-workers ( l 9 - 2 l ) ,  th e  la m e l la r  n a tu re  o f  
o r ie n te d  po lye thy lene  has been e s ta b l i s h e d .  The te c h n iq u e s  o f  
microscopy and X -ray d i f f r a c t i o n  have p lo t te d  th e  dim ensional 
and o r i e n t a t i o n a l !changes!of th e  lam e llae  and m olecular c h a in s ,
b u t have provided l i t t l e  in fo rm ation  on th e  n a tu re ,  e x te n t  and 
lo c a t io n  o f  th e  amorphous phase . An experiment which gavje an
in d i c a t io n  o f  th e  th ic k n e s s  o f  th e  i n t e r l a m e l l a r  amorphous
1
component involved  p re p a r in g  a p a r t i c u l a r l y  simple t e x tu r^  where 
th e  la m e l la r  normals and m olecular ch a in  axes l a y  p a r a l l e l  to  
t h e  draw d i r e c t io n  (2 2 ) .  Specimens cu t  from t h i s  drawn s t r i p  
were th en  compressed in  th e  o r ig in a l  draw d i r e c t io n .  The 
com pressive s t r a i n  in  th e  specimen was compared to  th e  la m e l la r  
s t r a i n  which was c a lc u la te d  from th e  change in  th e  long  period  
determ ined from low angle X-ray d i f f r a c t i o n  measurements. I t  
was found th a t  th e  macroscopic specimen s t r a i n  was g r e a t e r  th a n  
th e  la m e l la r  s t r a i n  which le d  the  au th o rs  to  conclude t h a t  th e r e  
were e x t r a  l a m e l la r  amorphous reg io n s  which accommodated a 
p ro p o r t io n  o f  th e  compressive s t r a i n .  This  experiment had been 
performed on low d e n s i ty  po lye thy lene  and the  i n i t i a l  experiment 
o f  t h i s  p r o je c t  was to  re p e a t  the  work u s in g  a  range o f  h igh  and 
low d e n s i ty  p o ly e th y len es  to  e s t a b l i s h  th e  e f f e c t  o f  th e  
p ro p o r t io n  of amorphous m a te r ia l  p re se n t  on th e  r e l a t i o n s h i p  
between th e  m acro-and-micro-compressive s t r a i n .
Specimens o f  h igh d e n s i ty  p o ly e th y le n e  were p r e p a re d  by 
drawing, r o l l i n g  and an n ea lin g .  I t  was found th a t  l a m e l la r  
ro ta tio m . was f a r  more in h ib i t e d  th an  in  th e  case o f  low d e n s i ty  
p o ly e th y len e .  T h is  l e d ' t o  premature i n t r a - l a m e l l a r  s l i p  and to  
th e  genera l  d i s o r i e n t a t i o n  o f  the  la m e l la e .  This occurred  b o th  
d u r in g  deform ation  by annea ling  and by com pression. An a d d i t io n a l  
problem during  compression was th e  fo rm ation  o f  k ink  bands in  
which a l a rg e  p ro p o r t io n  of the  t o t a l  deformation! ap p lie d  to  th e
specimen was c o n c e n tra te d .  These have been observed p re v io u s ly  
i n  s im i la r  experim ents (61-63)* The non-uniform compression made 
i n t e r p r e t a t i o n  o f  th e  low angle p a t t e r n s  somewhat su sp e c t .  
Consequently , l a r g e ly  due to  th e se  experim ental d i f f i c u l t i e s ,  
th e  experiment was abandoned.
During th e  p r e p a ra t io n  o f  th e  specimens f o r  th e  compression * 
experim ent, i t  was noted t h a t  th e  m ic ro s t ru c tu ra l  changes o c c u r r in g  
d u r in g  an n ea lin g , were v e ry  d i f f e r e n t  from those  occu rin g  in  low- 
d e n s i ty  po lye thy lene  c o n t ra ry  to  a p r e d ic t io n  t h a t  th e  b eh av io u rs  
would 'be s im i l a r  in  k in d , bu t  occur i n  d i f f e r e n t  tem pera tu re  
ran g es  (19*20). Consequently th e  annea ling  behav iour o f  two 
h igh  d e n s i ty  p o ly e th y le n e s ,  one a homopolymer, th e  o th e r  a  copolymer 
t f i th  bu tene - 1,1 was de term ined .
A techn ique  was developed to  p rep a re  drawn p o ly e th le n e  w ith  
a p a r a l l e l  l a m e l la r  . te x tu re ,  i . e .  w ith  th e  la m e l la r  normals p a r a l l e l  
to  th e  draw d i r e c t i o n .  This  provided a  p a r t i c u l a r l y  sim ple system 
w ith  which to  m onitor la m e l la r  d im ensional changes du r in g  a n n e a l in g .  
I t  was a lso  s u i t a b l e  f o r  making e l a s t i c  co n s ta n t  measurements as 
:, i t  could be p repared  in  5 wm th ic k  b lo ck s  and was w ell  c h a r a c te r iz e d  
m o rp h o lo g ica lly .  A number o f  d i f f e r e n t  u l t r a s o n ic  te c h n iq u e s  f o r  
s t r e s s  wave v e lo c i ty  measurements were a v a i la b le  and co n seq u en tly  
a com parative s tudy  was. made o f  each to  e v a lu a te  t h e i r  accuracy  
and r e p r o d u c i b i l i t y .
A simple model based on th e  m ic ro s t ru c tu ra l  f e a tu r e s  o f  th e  
drawn s t r i p  was proposed and developed, and i t s  e l a s t i c  c o n s ta n ts  
e v a lu a te d .  A comparison was th en  made o f  th e  e l a s t i c  c o n s ta n ts  o f  
o f  th e  model and th e  a c tu a l  measured e l a s t i c  c o n s ta n ts  o f  th e  \
-  y -
drawn s t r i p  to  in d ic a te  th e  accuracy o f  th e  model r e p re s e n t in g  
th e  experim enta l system*
1*5* O utline  o f  th e  t h e s i s
The specimen p re p a ra t io n  tech n iq u es  and a d e s c r ip t i o n  o f  
th e  ap p ara tu s  used i n  th e  p r o je c t  i s  g iven  in  C hapter 2 .  The 
comparison o f  th e  u l t r a s o n ic  tech n iq u es  f o r  d e te rm in ing  th e  
e l a s t i c  c o n s ta n ts  o f  th e  drawn polymers formed a major p a r t . o f  
th e  s tudy  and so a  complete c h a p te r  i s  devoted to  t h i s  s e c t io n  o f  
th e  work* The r e s u l t s  o f  th e  t e x t u r a l  s tu d ie s  on th e  an n ea lin g  
b ehav iour o f  th e  high d e n s i ty  p o ly e th y len es  used a re  g iven  in  
C hapter 4 and a re  d iscu ssed  w ith  r e fe re n c e  to  o th e r  work, 
p a r t i c u l a r l y  th e  s im i la r  experim ents on low d e n s i ty  p o ly e th y len e  
i n  Chapter 5* The r e s u l t s  o f  th e  measurements o f  e l a s t i c  c o n s t a n t s  
are  g iven  in  Chapter 6 and d iscu ssed  w ith  r e fe re n c e  to  a simple 
s t r u c t u r a l  model in  Chapter 7* Chapter 8 c o n ta in s  some 
recommendations f o r  f u r t h e r  experim ents  on s t r u c tu r e - p r o p e r ty  
r e l a t i o n s h i p s  in -o r ien ted -p o ly m ers*
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F ig u re  1 .1  Schem atic  diagram  of  th e  sequence  o f  
t e x t u r e s  o b ta in e d  by a n n e a l in g .
CHAPTER 2
Specimen P re p a ra t io n  and Experim ental Techniques .
2 .1 .  M a te r ia l  S p e c i f ic a t io n
S tu d ie s  were made on a number of d i f f e r e n t  g rades  o f  h igh 
and low d e n s i ty  p o ly e th y le n e s .  The th r e e  high d e n s i ty  p o ly e th y len es  
s tu d ie d  were a l l  manufactured by BP Chemicals I n te r n a t i o n a l  L td .  
who supp lied  th e  fo llo w in g  s p e c i f i c a t i o n :
R igidex  2 a homopolymer
R ig idex  9 a- homopolymer
R igidex  2000 a blend o f  a h igh and low m olecu lar  weight
p o ly e th y le n e ,  th e  h igh m olecular weight
component be in g  a copolymer w ith  butene - 1 , 
and th e  low being  an e th y len e  horaopolymer.
Det a i l s  o f  th e  d e n s i ty ,  c r y s t a l l i n i t y ,  number- average and
weight average m olecular w eigh ts  and sh o r t  cha in  b ran ch in g  co n te n t
a re  g iven  on pgs 21&184. The c r y s t a l l i n i t y  and d e n s i ty  d a ta  were
determined on quench cooled specimens. M olecular w eigh ts  were
measured by ge l  perm eation  chromatography in  o rthodich lorobenzene. 
o
.at 135 C. The s h o r t  charn  b ranch ing  was determ ined by i n f r a - r e d  
a n a ly s i s .  The manufacture o f  R igidex 2 and R igidex  2000 has now 
been d isc o n t in u e d .
The low d e n s i ty  p o ly thy lene  s tu d ie d  was Allcathene grade ¥JG 11 
manufactured by ICI L im ited , P l a s t i c s  D iv is io n .  T h e ir  d a ta  f o r  
¥JG 11 i s  a lso  shown in  Table 2 .1 .  The d e n s i ty  measurement was 
made on melt p ressed  and quenched s h e e t :  no in fo rm a tio n  was 
supp lied  on th e  m olecular weight d e te rm in a tio n .  The ch a in  b ran ch in g
was es tim ated  from in f r a - r e d  a n a ly s i s .
F u r th e r  m olecular weight measurements were made on specimens 
p repared  a t  G u ild fo rd  by th e  Polymer Supply and C h a r a c te r iz a t io n  
C en tre  o f  th e  Rubber and P l a s t i c s  Research A sso c ia t io n .  T h e ir  
r e s u l t s  a re  shown in  Table 2 .2 .  They were ob ta ined  by g e l  
perm eation  chromatography on a 0 . 2$  by weight s o lu t io n  o f  
po ly e th y len e  in  c -  d ich lorobenzene w ith  0 . 1$  lonex 330 as 
a n t i -o x id a n t  a t  a tem pera tu re  o f  138°C. The r e s u l t s  were 
c o r re c te d  f o r  in s trum ent broadening .
2 .2 .  Specimen P re p a ra t io n
2 .2 .1 .  Melt P re s s in g
The po lye thy lene  was re c e iv e d  in  p e l l e t  form and was m elt 
p ressed  in  a window frame mould a t  a tem pera tu re  o f  l 80°C f o r  
R ig idex  2, R ig idex  2000 and Alkathene and a t  190°C f o r  R ig idex  9*
In  th e  moulding p ro cess  s h e e ts  o f  Melinex were p laced  between 
th e  p o ly e th len e  p e l l e t s  and th e  p r e s s in g  p la t e s  to  p reven t 
adhes ion . The p e l l e t s  were- allowed to  melt f r e e l y  under 
atm ospheric p re s su re  b e fo re  in c re a s in g  th e  p re ssu re  to  6 .1  MPa 
to  form th e  p laq u e . The' r e s u l t a n t  p laques  were about 180 mm x 130 mm 
x 10 mm or 20 mm th i c k .  The 10 mm t h i c k  p laques were cooled from 
th e  p re s s  by quenching in  w ate r  a t  about 12°C. The 20 mm t h i c k  
p laques  were cooled in  th e  p r e s s .  The co o lin g  r a t e  determ ined 
from th e  in d ic a te d  p la te n  tem pera tu re  was 2*2 deg.C sec ^ during, 
th e  f i r s t  minute o f  co o lin g  f a l l i n g  to  1 .0  deg.C sec '”'*' d u r in g  th e  
t h i r d  minute o f  co o l in g .  The p l a t e s  reached th e  tem p era tu re  o f  
th e  co o lin g  w ater  (about 12°c) a f t e r  about 12 minutes o f  c o o l in g ,
bu t th e  specimens were r e ta in e d  in  th e  p re s s  f o r  a f u r t h e r  50 m inutes
2 .2 .2 .  Drawing
T e n s i le  b a r s  w ith  a gauge le n g th  o f  100 mm and a w idth o f  
50 mm were cu t from th e  p laques  u s in g  e i t h e r  a bandsaw, followed 
by smoothing w ith  emery c lo th  or a m i l l in g  machine. The specimens 
were drawn on an 'E-type* tensom eter  a t  a  crosshead  speed o f  
O .I67 mm sec""1 . A c h a r t  r e c o rd e r ,  th e  speed o f  which was d i r e c t l y  
r e l a t e d  to  th e  crosshead  speed, provided a lo a d -e x te n s io n  cu rv e .  
A ttached to  th e  tensom eter  was an environm ental chamber en ab lin g  
specimens to  be drawn a t  e le v a te d  te m p e ra tu re s .  A check on th e  
tem pera tu re  s t a b i l i t y  and v a r i a t i o n  th roughout th e  chamber r e v e a le d  
t h a t  th e  tem pera tu re  was c o n s ta n t  to  £ 1 deg.C a t  an in d ic a te d  
tem pera tu re  o f  75 °C.
A f te r  d raw in g 'to  t h e i r  n a tu r a l  draw r a t i o ,  which v a r ie d  w ith  
th e  grade o f  p o lye thy lene  and w ith  th e  tem pera tu re  o f  drawing from 
x2 to  x26, th e  specimens were allowed to  r e l a x  in  th e  ten so m ete r  
a t  co n s ta n t  le n g th  f o r  up to  15 h o u rs .  During t h i s  tim e th ey  a lso  
cooled  to  room tem pera tu re  i f  th ey  had been hot drawn. The s t r i p  
was th e n  removed from th e 'te n s o m e te r  and allowed to  r e l a x  a t  room 
tem pera tu re  u n t i l  to  w i th in  experim enta l accuracy th e  s t r i p  was 
seen to  be d im ensiona lly  s t a b l e .  For th e  h igh  d e n s i ty  p o ly e th y le n e s  
whether drawn a t  room o r  e le v a te d  tem p era tu re s ,  t h i s  p e r io d  was 
about two days . In  th e  case  o f  Alkathene drawn a t  55°^* ^he 
th e  period  o f  r e l a x a t io n  was about two weeks. A f te r  r e l a x a t i o n  
th e  draw r a t i o  was determined by measuring th e  g r id  which had been 
stamped on th e  specimen p r io r  to  drawing. The g r id  enabled th e
c a l c u l a t i o n  of th e  draw r a t i o s  in  th e  draw d i r e c t io n  R0 and in
th e  t r a n s v e r s e  d i r e c t io n  in  th e  p lane o f  th e  sh ee t  Rx . Ijhe
!
specimen th ic k n e s s  draw r a t i o  Ry was determ ined by microlpieter
- • ' !
measurements. The draw r a t i o s  Rx and Rz were a c c u ra te  to  
- 3f° and Ry to  -  1 $ .
A f te r  drawing, th e  macroscopic axes o f  the  specimen were 
d e f in ed  as shown in  F ig u re  2 .1 ;  Z i s  p a r a l l e l  to  th e  draw d i r e c t io n ,  
X i s  normal to  th e  draw d i r e c t io n  in  th e  p lane o f  th e  sh ee t  and
Y i s  normal to  bothl X and Z. For c e r t a i n  experim ents th e  s t r i p  
was th e n  r o l l e d  a t  room tem pera tu re  i n  th e  draw d i r e c t io n  w ith
Y normal to  th e  r o l l i n g  p lane to  between 0 .8  and 0 .9  o f  i t s  o r ig in a l  
th ic k n e s s .
2.2*3 • Annealing
Small specimens approxim ately  10 mm long  in  th e  draw d i r e c t i o n  
and 10-15 mm wide i n  th e  X d i r e c t i o n  were cu t from th e  drawn o r  
drawn and r o l l e d  s t r i p s  f o r  an n ea lin g .  They were annealed between 
two aluminium p la te s  to  p reven t d i s t o r t i o n  o f  th e  specimen du ring  
a n n e a lin g .  The p l a t e s  weye suspended in  a Grant Temperature b a th  
type  HB 10X f i l l e d  w ith  s i l i c o n e  o i l  type DC 550 manufactured by 
Dow Corning L td .  S i l ic o n e  o i l  has been shown to  have no m easurable 
e f f e c t  on th e  long  pe r io d  o f  p o ly e th y le n e ( 64) ,  a lthough  when ap p lied  
to  p o lye thy lene  under te n s io n ,  i t  can a c t  as a s t r e s s  c ra c k in g  
agent ( 65)* The tem pera tu re  o f  th e  b a th  was a d ju s te d  by a  
co n tex t thermometer and measured w ith a mercury in  g la s s  thermom eter, 
th e  bulb o f  which was p laced  immediately above th e  specimen.
Before an annea ling  experiment the  b a th  and aluminium p l a t e s  were 
brought to  th e  re q u ire d  tem pera tu re  and allowed to  s t a b i l i s e .  The
p l a t e s  were q u ick ly  removed, th e  specimen placed between them, 
and r e in s e r t e d  in to  th e  o i l  b a th .  • The tem pera tu re  v a r i a t i o n  w ith  
tim e and w ith  p o s i t io n  in  th e  b a th  was l e s s  than  £ 0 .1  de'p.C in  th e  
range rJ0°0 to  135°0 * ^he d u ra t io n  o f  annea ling  was ustial^y measured 
w ith  a s to p  watch, a lthough f o r  ann ea lin g  experim ents o f  a number 
o f  hours , a  w r i s t  watch was used* A f te r  an n ea lin g , th e  aluminium 
p l a t e s  w ith  th e  specimen between them were removed and allowed to  
cool to  room tem pera tu re  in  a i r .  The macroscopic dimensions of 
th e  specimens were measured b e fo re  and a f t e r  annea lin g  u s in g  an 
e l e c t r i c  micrometer capable  o f  read in g  to  0.001 mm.
2*3* X-ray d i f f r a c t i o n
Wide angle  X-ray d i f f r a c t i o n  p a t t e r n s  were tak en  w ith  th e  - 
in c id e n t  beam p a r a l l e l  to  th e  X,Y and Z axes to  determ ine th e  u n i t  
c e l l  o r ie n ta t i o n  a t each s tag e  o f  the  annea ling  sequence. Low 
angle  X-ray d i f f r a c t i o n  p a t t e r n s  were ta k e n  mainly w ith  th e  
in c id e n t  beam p a r a l l e l  to  th e  X a x is  as t h i s  proved to  y i e ld  
th e  most in fo rm a tio n  about l a m e l la r  o r i e n t a t i o n .
2#3«1# Wide angle  X-ray d i f f r a o t i o n
A Cambridge In s trum en ts  camera w ith  a Mullard F ine  Focus 
tube  was used f o r  wide angle X-ray d i f f r a x t i o n  s tu d i e s .  The tube  
was opera ted  a t  an e x c i t a t i o n  p o te n t i a l  o f  40 kV and a f i la m e n t  
c u r re n t  o f  10 mA. The beam was p in  ho le  co ll im a ted  w ith  an e x i t  
d iam eter  o f  0 .5  mm or 1 .0  mm d iam e te r .  P a t te rn s  were reco rded  
on f i lm  conta ined  i n ’a f l a t  f i lm  c a s s e t t e  a t . specimen to  f i lm  
s e p a ra t io n s  o f  between 10 mm and 55 nun. N ickel f i l t e r e d  copper 
r a d i a t i o n  was used and p a t t e r n s  were recorded  on Kodak Industrex . 
D.54 X-ray f i lm  which was.developed in  I l f o r d  P h en iso l  d ev e lo p er
for- 5 m inutes . Exposure tim es v a r ied  from 5 minutes to
60 m inu tes. To check th e  d i s t r i b u t i o n  o f  the  ( 002) r e f l e c t i o n
!
o f  some specimens, a c y l i n d r i c a l  camera was used . The specimen 
was mounted w ith  the  Z a x is  h o r iz o n ta l  and normal to  the  jbeam and 
was r o ta te d  th rough the  Bragg angle o f  37*3° to  reco rd  th e  (002) 
r e f l e c t i o n .
2 .3 .2 .  Low angle X-ray d i f f r a c t i o n
Low and wide angle X-ray d i f f r a c t i o n  p a t t e r n s  were recorded  
s im u ltaneous ly  on a Rigaku-Benki camera w ith a P h i l i p s  f in e  focus 
tu b e .  : A ho le  was.punched in  the  wide angle c a s s e t t e  a llow ing  
th e  main beam and th e  low angle d i f f r a c t e d  beams to  pass  th ro u g h .  
P inho le  c o l l im a t io n  was used to  produce beams v a ry in g  in  d iam eter  
from 80 ym to  200 /*m a t  th e  e x i t  p in h o le .  The specimens wore 
mounted over a p inho le  o f  $00 /zm d iam eter  so t h a t  a known p o r t io n  
o f  th e  specimen was i r r a d i a t e d .  P a t t e r n s  were recorded  in  f l a t  
f i lm  c a s s e t t e s .  Specimen to  f i lm  d is ta n c e  fo r  th e  wide angle 
p a t t e r n s  v a r ie d  from 35 mm to  55 mm and f o r  th e  low angle  p a t t e r n s  
from 350 mm to  450 nun. Exposure tim es v a r ie d  from 2 hours  to  
120 hours dependent p r im a r i ly  on th e  c r y s t a l l i n i t y  o f  th e  specimen. 
N ickel f i l t e r e d  copper r s ,d ia t io n  was used and th e  tube  was o p era ted  
a t  an e x c i t a t i o n  p o te n t i a l  o f  40 kV or 50 kV and a f i la m e n t  
c u r re n t  o f  20 mA or 24 mA r e s p e c t iv e ly .  P a t t e r n s  were recorded
on Kodak In d u s t re x  L 54 X-ray f i lm  and were developed in  e i t h e r  
Kodak Pathe LX 24 X-ray developer f o r  15 minutes or I l f o r d  P h en iso l  
developer f o r  5 m inutes.
2.3*3* Measurement o f  X-ray d i f f r a c t i o n  p a t t e r n s
The d i f f r a c t i o n  p a t te r n s  were measured on a Wooster
M icrodensitom eter Mark I I I  Model 1 manufactured by C ry s ta l  S t ru c tu r e s  
L td .  . The d en s ito m ete r  produced a p lo t  o f  th e  o p t ic a l  d e n s i ty  o f  
th e  d i f f r a c t i o n  p a t t e r n  a g a in s t  d is ta n c e  o f  t r a v e l  ac ro ss  ithe 
p a t t e r n .  A 0 .5  mm d iam eter l i g h t  beam was used to  obtaijn th e  
p a t t e r n .  On low angle p a t t e r n s  the  m erid io n a l ,  e q u a tb r ia i  and 
d iagona l s e p a ra t io n s  o f  th e  lo b es  were de term ined . A c a l i b r a t i o n  
s l i d e  was used to  check th e  accuracy o f  th e se  measurements and the  
in s tru m e n ta l  e r r o r  was found to  be l e s s  than  0.05 mm. The -angular 
s e p a ra t io n  o f  th e  ( 200) a rc s  on wide angle d i f f r a c t i o n  p a t t e r n s  
tak en  w ith  the  beam p a r a l l e l  to  X was measured on the  m icrodensitom eter  
u s in g  the  r o t a t i n g  mode o f  o p e ra t io n .  A scan around th e  (200) 
d i f f r a c t i o n  r in g  on th e  f i lm  gave a p lo t  o f  the  v a r i a t i o n  iii o p t i c a l  
d e n s i ty  w ith  d i s t a n c e .  By comparing th e  l i n e a r  s e p a ra t io n  o f  th e  
( 200) peaks on th e  output graph with th e  l i n e a r  s e p a ra t io n  o f  th e  
peaks from two re fe re n c e  l i n e s  a t  a known angle to  each o th e r ,  th e  
angu la r  s e p a ra t io n  o f  the  peaks was de term ined . The p o s s ib le  e r r o r  
in cu rred  by not having th e  c e n t re  o f  the  ( 200) d i f f r a c t i o n  r in g  c o in c id e n t  
w ith  the  r o t a t i o n  o f  th e  s tag e  was e l im in a ted  by ta k in g  th e  average 
o f  th e  co tan g en ts  o f  the  two angu la r  s e p a ra t io n s ,  eq u a tio n  ( 2 .^1 , ) •
& = arc  co t ^ (c o t  IB -f co t £ ( 2 . 1 .)
where £ i s  th e  t r u e  sem i-angular s e p a ra t io n  o f  th e  ( 200) a rc s  
and £ ^ , £ ^ a re  "the measured sem i-angular s e p a ra t io n s  o f  th e
( 200) a r c s .
Both l i n e a r  and angu la r  measurements were checked on a  Wild 
S te reo  microscope equipped w ith  a r o t a t i n g  s tage  capable  o f  r e a d in g  to  
0.25 degree and X and Y micrometer t r a v e r s e s  re a d in g  to  0.005 mm.
The two methods agreed to  w ith in  experim enta l accu racy . The la m e l l a r  
angle  ff def ined  l a t e r  were--measured us in g  th e  Wild s te r e o  m icroscope.
2.4* U ltra so n ic  s t r e s s  wave v e lo c i ty  measurements.
A v a r i e t y  o f  tech n iq u es  were used to  measure th e  v e lo c i ty  
o f  u l t r a s o n ic  waves in  th e  polymer and a c r i t i c a l  assessm ent o f  
each method was made. These are  d esc rib ed  in  d e t a i l  in  th e  
fo llo w in g  c h a p te r .
2 .5 .  Microtomy
A Jung Model K microtome.: was used to  p repare  b locks  o f  
m a te r ia l  s u i t a b le  f o r  u l t r a s o n ic  a n a ly s i s .  The th ic k n e s s  of 
m a te r ia l  removed in  each pass  was v a r i a b le  from 1 fxm to  5® /im,
2 .6 •  D ensity  measurements
The d e n s i ty  o f  th e  specimens was measured u s in g  Archemedes 
method, by measuring th e  apparent lo s s  o f  weight o f  th e  specimen 
, in  w ater to  f in d  i t s  volume. . A S tan ton  Instrum ents  CL 41 Unimatic 
balance"w hich was capable  o f  re a d in g  to  0 .1  mg. was used f o r  mass 
measurements. The specimen was weighed i n i t i a l l y  i n  a i r  and 
th e n  immersed in  Analar w ater  a t  a known te m p e ra t i i re . As th e  
d e n s i ty  o f  po lye thy lene  i s  l e s s  th a n  t h a t  o f  w ater  a s in k e r  was 
used to  p reven t i t  from f l o a t i n g .  The s in k e r  was a sm all p ie c e  
o f  s t a i n l e s s  s t e e l  gauze bent in to  a hemisphere to  t r a p  th e  
specimen beneath  i t .  The gauze cage was a t ta c h e d  to  th e  b a lan ce  
by a le n g th  o f  0.081 mm diam eter copper w ire .  The s m a lle s t  d iam ete r  
w ire  p o s s ib le  was used to  minimize su rfa c e  te n s io n  e f f e c t s  and ca re  
was tak en  not to  wet the  p o r t io n  o f  th e  w ire above th e  m eniscus.
A f te r  weighing th e  s in k e r  w ith  th e  specimen tra p p ed  benea th  
i t ,  th e  specimen was c a r e f u l ly  removed and th e  s in k e r  alone weighed. 
The ba lance  was rezeroed  a f t e r  com pletion o f  each cy c le  o f  
measurements on a specimen. The 'd e n s i ty  o f  w ater a t  th e  measurement
tem pera tu re  was ob ta ined  from t a b l e s  (6 6 ) .  The tem pera tu re  
o f  th e  w ater was measured u s in g  a mercury in  g la s s  thermoijieterii
capab le  o f  read in g ,  to  0 .1  deg. C. The e r r o r  in  th e  d e i is i ty  
o f  a specimen measured in  t h i s  manner i s  e s t im a te d . to  be 
t. 0 .1 $  or -  1 kgm f'or a ty p ic a l  d e n s i ty  o f  964 kgm
The c r y s t a l l i n i t y  o f  th e  specimens was determ ined from 
eq u a tio n  (2 .2# )  p _ p
x t  ' a. «C P -  p
C 3 ( 2 , 2 )
The specimen d e n s i ty  p was measured a s - d escribed  above?
th e  c r y s t a l l i n e  and amorphous d e n s i t i e s  and p_ were ob ta inedv a
from m an u fac tu re rs ’ d a ta  and th e  l i t e r a t u r e .
2*7 D i f f e r e n t i a l  Scanning C a lo r im e try .
The d i f f e r e n t i a l  scanning c a lo r im e te r  was c a l i b r a t e d  a t  a 
h e a t in g  r a t e  o f  8 deg. C min under a  flow of n i t ro g e n  o f  
20 ml min The specimens were th en  scanned in  a s im i l a r
manner from room tem pera tu re  to  above th e  m elting  p o in t .  The 
scanning c a lo r im e try  was performed by th e  Polymer Supply and 
C h a r a c te r iz a t io n  C entre  a t  th e  Rubber and P l a s t i c s  Research 
A s so c ia t io n .
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Figure- 2 .1  D e f i n i t i o n  o f  a x e s .
-  21 -
Table 2*1 •
C h a ra c te r iz a t io n  o f  th e  grades o f  po lye thy lene  s tu d ie d .  Data on th e  
R ig idex  p o ly e th y len es  from B*P*Chamicals I n te r n a t io n a l  Ltd* I R a ta  on 
Alkathene from ICI P l a s t i c s  Rivision^ Ltd*
R ens ity  
(kgnf 3)
C r y s t a l l -
i n i t y
Mn M•w M /M n' w
R ig idex  2 959 - 11,600 164,000 14
R ig idex  9 962 82 9,800 179,000 18
R ig idex  2000 953. 78 10,700 204,000 19
A lkathene ¥JG 11 915 — 45,000 1 , 000,000 22
Table 2*2.
C h a ra c te r iz a t io n  o f  th e  grades o f  p o ly e th y len e  s tudied* R ata  from 
th e  Polymer Supply and C h a ra c te r iz a t io n  C entre  o f  th e  Rubber and 
P l a s t i c s  Research A ssocia tion*
~  ~  I  /Sk 1*1 n' -wn it
H ig id e x  2 14,400 208,000 14
R ig idex  2000 16,600 * 147,000 9
A lkathene ¥JG 11 14,700 361,000 25
CHAPTER 3
• U l t ra so n ic  Experim ental Techniques
3.1* I n t ro d u c t io n
A v a r i e ty  o f  tech n iq u es  fo r  measuring th e  v e lo c i ty  o f  
u l t r a s o n i c  s t r e s s  waves in -p o ly e th y le n e  were employed and each 
o f  th e se  methods i s  d esc rib ed  and d r i t i c a l l y  a s se s se d .  The fo u r  
methods are termed
a) th e  c r i t i c a l  angle method
b) th e  c o n ta c t  probe method
c) th e  immersion method -  two t ra n sd u c e r s
d) th e  immersion method -  one t ra n sd u c e r  and
r e f l e c t o r .
3*2* Theory
3 .2 .1 .  N o ta tion
The p r in c ip a l  axes o f  symmetry X, Y and Z o f  th e  specimens
have been defined  in  F igu re  2 .1  and s e c t io n  2 .2 .2 .  In  p a r t s  o f
t h i s  ch a p te r  th e  p r in c ip a l  axes w i l l  a lso  be termed; x^  o r  1 when
. p a r a l l e l  to  X; Xg o r  2 when p a r a l l e l  to  Y$ and x^ of" 3  v/hen- 
p a r a l l e l  to  Z.
A wave i s  termed a t r u e  lo n g i tu d in a l  wave i f  th e  d i r e c t i o n  
o f  th e  p a r t i c l e  d isplacem ent i s  p a r a l l e l  to  the  wave f ro n t  normal 
and a quasilongitudineJL wave i f  th e  p a r t i c l e  d isp lacem ent i s  non- 
p a r a l l e l  w ith  th e  wave f ro n t  normal. S im ila r ly  a  wave i s  termed 
a t r u e  shear wave o r  a q u a s ish e a r  wave i f  th e  p a r t i c l e  d isp lace m e n ts  
a re  r e s p e c t iv e ly  normal or non-normal to  th e  wave f r o n t  d i r e c t i o n .  
G enera lly  in  cases  o f  wave p ropaga tion  in  systems o f  orthorhom bic 
symmetry t r u e  lo n g i tu d in a l  o r  t ru e  sh ea r  waves a re  only  produced
when th e  wave f ro n t  normal i s  p a r a l l e l  w ith  X, Y or Z. The
j .
l o n g i tu d in a l  wave v e lo c i ty  i s  always g r e a t e r  th an  th e  shejar wave
■ i
v e l o c i t y ,
3*2 .2 . Wave p ro p ag a tio n
The v e lo c i ty  o f  motion o f  an i n f i n i t e  plane e l a s t i c  wave 
i n  a homogeneous e l a s t i c  s o l id  may be r e p re se n te d  (67*68) by the  
eq u a tio n ,
p2 * ■ ' '  p -  0 (3 .1 )
(0 ± m  n o ni -  * i k  > % .
where i s  a u n i t  d isp lacem ent v e c to r
p i s  th e  d e n s i ty  of th e  medium
V i s  th e  wave v e lo c i ty
C. n a re  the  e l a s t i c  c o n te n ts  o f  thei j k l m ed iu m
n*,n-i a re  th e  d i r e c t io n  cos ines  o f  th e  
3 . wave normal
^ ik  Kroneker d e l t a
( i , j 5k , l  have v a lu e s  l , 2 f 3)
•Expanding equa tion  (3 * l)  and tran sfo rm in g  from tensoi* to  m a tr ix
n o ta t io n  (69) th u s  *
Tensor no taction . 11 22 33 ■23* 32 13,31 12,21
M atrix n o ta t io n 1 2 3 4 5 6
we have a f t e r  K elvin and C h r i s to f f e l
( ^  -  p V2) B c V
B (A2 -  p v 2) D P2 = 0 (3
C D • (A3 - pV )_ _P3_
where
A1 = Cl l nl + C66d22 + C55n3 2
+ 2C56n 2n3 + 2C15n3nl  + 2Cl 6 nl n2
A2 = C66n l 2 + ° 22n2 + c 44n32
+ 2C24E2n3 + 2C46n3nl  + 2C26nl n2
A3
=
C55nl 2
+ C44n 22 + C53n 32 + 2C34n 2n3 + 2C35n3nl  + 2C45nl n2
B = c l 6n l 2 + C26n2 4* C45n3 2
+
n2n3^C25
+ C4 6 ) + n3nl (C14 + C5 6 )
+ nl n 2^c12 + C(,(?
C S5. c 15n l 2 c46n22 + C35E32 + n2n3^C36 + C4 5 ) + n3nl (c 13 + C55 ?
+ n l n 2 ( c X4 * C5 6 )
D S C56nI 2 + C24n2 + C34°32 4* n2n3^c23 + c 44^ + n3ni ^ c36 + c45^
+nl n 2 (c 25 + C4 6 )
E xpansion  o f  (3*2.) g iv e s ,
(Aa - ^ v 2 )P1 + BP2 + CP, = 0 . ( 3 .3 )
BPi  + ( a 2 -  /=v2 )p2 + d p ,  = o (3 . 4 )
CPj  ^ + DP2 + (A, -yOV2 )?  = 0  ( 3 .5 )
2The g e n e r a l  s o l u t i o n  t h e r e f o r e , i s  c u b ic  in /O v  and i n  
g e n e r a l ,  waves a r e  p ro p a g a te d  w ith  t h r e e  d i f f e r e n t  v e l o c i t i e s  
Y/hich a r e  dependen t on th e  e l a s t i c  c o n s ta n t s  and d e n s i t y  o f  th e  
medium.
3*3* The C r i t i c a l  a n g le  method
3 * 3 * i I n t r o d u c t i o n
I f  a  p u ls e  o f  l o n g i t u d i n a l  u l t r a s o n i c  waves i s  i n c i d e n t  
non -no rm aly  a t  a l i q u i d - s o l i d  specim en boundary , th en  mode 
c o n v e r s io n  o c c u rs  and a  l o n g i t u d i n a l  o r  q u a s i l o n g i t u d i n a l  
wave and two s h e a r  o r  q u a s i s h e a r  waves a r e  p ro p a g a te d  th ro u g h  
th e  specim en ( 7 0 ,7 1 ) .  I f  th e  v e l o c i t y  o f  a wave i n  th e  specim en 
i s  g r e a t e r  th an  t h a t  i n  th e  l i q u i d ,  th e n  a t  a c e r t a i n  a n g le  o f  
in c id e n c e  term ed th e  c r i t i c a l  angle^ t o t a l  r e f l e c t i o n  o c c u r s .
Thus i f  the  angle o f  in c idence  i s  v a r ie d ,  th en  in  th e  g en e ra l  case  
th re e  c r i t i c a l  ang les  are  observed* One of th e se  co rresponds to  th e  
q u a s i lo n g i tu d in a l  wave and th e  o th e r  two to  the  q u a s ish e a r  waves.
Snell's  law th en  g iv es  th e  v e lo c i ty  o f  th e  wave in  th e  specimen.
3*3*2 Experim ental Technique%
A specimen approxim ately  40 mm (? )  by 15 mm (x) by 3 mm (Y) 
was mounted in  clamps in  a goniom eter. When p o s i t io n e d  norm ally  th e  
in c id e n t  u l t r a s o n ic  beam was p a r a l l e l  to  Y and s t ru c k  th e  XZ f a c e .
The goniom eter enabled th e  specimen to  be turned  about X i n  th e  YZ 
plane, and about Y in  the  XZ p la n e .
The goniometer and specimen were th en  placed between the  u l t r a -  
onic t r a n sd u c e r ,  operated in  t ra n sm it  and re c e iv e  mode and a p lane  
reflector:,'-  a l l  con ta ined  in  a w ater  b a th .  Pulsed  waves from th e  
t ra n sd u c e r  passed through th e  w ater to  th e  specimen were r e f r a c te d  
by th e  specimen and th en  r e f l e c t e d  by th e  r e f l e c t o r  back th rough th e  
specimen to  th e  t r a n s d u c e r .  This  i s  shown sc h e m a tic a l ly  in  F ig u re  3 .1 .  
The p u lse s  were d isp lay ed  on an o s c i l lo s c o p e .  I n i t i a l l y  th e  specimen 
.was s e t  w ith Y normal to  th e  in c id e n t  beam. This was achieved by 
o M y in in g  maximum am plitude o f  th e  r e f l e c t e d  p u ls e .  Then as th e  
-specimen was r o ta te d  th e  am plitude o f  the  r e f l e c t e d  pu lse  g ra d u a l ly  
d im inished u n t i l  a t  th e  c r i t i c a l  angle o f  in c id en ce ,  a l l  th e  energy 
in c id e n t  a t  th e  specimen su rfa c e  was r e f l e c t e d .  Consequently  th e  
am plitude o f  the  r e f l e c t e d  pu lse  was z e ro .  At th e  c r i t i c a l  angle 
o f  inc idence  i  , th e  v e lo c i ty  o f ' t h e  wave t r a v e l l i n g  in  th e  specimen . 
Vgp i s  g iven  by Snell's  law
s in  i c
where V i s  th e  v e lo c i ty  o f  th e  wave in  th e  w afe r .
The c o u p l in g  medium between the  t ra n sd u c e r  and th e  specimen was
d i s t i l l e d  w ater in  which th e  u l t r a s o n i c  lo n g i tu d in a l  wave v e lo c i ty
was about 1490 ms ^ (72) a t  room tem p era tu re .  I t  was not
p o s s ib le  to  d e te c t  th e  c r i t i c a l  angle o f  inc idence  fo r  th e  shjear waves
-1  -1'which in  po lye thy lene  have v e l o c i t i e s  o f  between 1000 ms and 1100 ms 
A l i q u id  such as s i l i c o n e  o i l ,  w ith  an u l t r a s o n ic  lo n g i tu d in a l  wave 
v e lo c i ty  o f  l e s s  th an  1000 ms ^ would enable  th e  c r i t i c a l  angle f o r  
th e  sh ea r  waves to  be d e te c te d .
3 .3 .3 .  Accuracy and R e p ro d u c ib i l i ty
O btain ing  re p ro d u c ib le  and accu ra te  r e s u l t s  u s in g  t h i s  method 
was very  d i f f i c u l t .  The i n t e n s i t y  o f  th e  t ra n sm it te d  pu lse  decreased  
over an angu la r  range o f  about two degrees, probably  as a r e s u l t  o f  
d i s p e r s io n  w ith in  th e  specimen. Several minima were observed b e fo re  
the' c r i t i c a l  angle was reached , as rep o rted  by ano ther  au th o r  (73)■» and 
t h i s  made th e  i d e n t i f i c a t i o n  o f  th e  minimum a t  th e  c r i t i c a l  angle more
4.
d i f f i c u l t .  The r e p r o d u c ib i l i t y  was _ 0 .4  d e g . ,  which meant th e r e  was
4* —1 • 4-an u n c e r t a i n t i t y  in  th e  v e lo c i ty  o f  -  30 nis o r  -  1.2% in  a  t y p i c a l  
v e lo c i ty  of 2400 ms ^ .
3*3*4 D iscuss ion  ■ . > •
The c r i t i c a l  angle method o f  de te rm in ing  th e  e l a s t i c  c o n s ta n ts  
o f  po lye thy lene  was th e  l e a s t  s a t i s f a c t o r y  o f  th e  fo u r  methods used 
in  term s o f  r e l i a b i l i t y  f o r  two main re a so n s ;  i )  th e  d i f f i c u l t y  in  
id e n t i f y in g  th e  c o r r e c t  minima corresponding  to  th e  c r i t i c a l  ang le
i i )  th e  i n t e r a c t i o n  o f 's u r f a c e  waves.
Wright e t  a l  ( 74)> us in g  a s l i g h t l y  d i f f e r e n t  tech n iq u e  but 
based on th e  c r i t i c a l  angle p r in c ip l e ,  a lso  r e p o r t  d i f f i c u l t y  in  
id e n t i f y in g  th e  p r e c is e  c r i t i c a l  angle and r e s o r t  to  an e x t r a p o la t io n  
te c h n iq u e .  *
At th e  c r i t i c a l  angle o f  in c id en ce , th e  su rface  waves excited, 
t r a v e l  along th e  spec im en-liqu id  boundary. The v e lo c i ty  c a lc u la te d
. ' i
from Snell 's  law th e r e f o r e ,  i s  c h a r a c t e r i s t i c  only of th e  su rfa c e  l a y e r  
which may extend from 1 to  10 wavelengths, i . e .  from 0 .8  mm tb  8 mm 
.in to  th e  specimen. Hence i t  i s  necessa ry  to  ensure t h a t  th e  specimen 
surfa.ce i s  t y p ic a l  o f  th e  bu lk  and th a t  any su rface  sk in  be removed.
In  th e  th e o r ie s  o f  E rg in  ( ? l )  and Mayer (75-77) on which th e  c r i t i c a l  
angle method i s  based , no account i s  tak en  o f  any su rfa c e  waves t h a t  
may be ex c ited  or o f  any a n iso tro p y .  A paper by Plona (78) d e s c r ib e s  
a number o f  e f f e c t s  o f  th e  in te r f e r e n c e  o f  su rface  waves and th e  
r e f l e c t e d  wave a t  a l iq u id - a n i s o t r o p i c  su rfa c e  boundary. R o l l in s  (79) 
shows ex p e r im en ta l ly  t h a t  th e  t r u e  c r i t i c a l  angle f o r  th e  t r a n s v e r s e  
wave r e f l e c t e d  from an a n is o t ro p ic  medium occurs  some 3 o r  4 degrees  
p r io r  to  the  observed c r i t i c a l  an g le .  This would produce an e r r o r  
in  th e  v e lo c i ty  o f  12%.
I t  would seem th e r e fo r e  t h a t  th e  th e o ry  on which t h i s  method 
i s  based has not been f u l l y  developed. Consequently th e  r e s u l t s  
obtained, by th e  o th e r  th re e  tech n iq u es  which are  desc rib ed  l a t e r ,  a re  
to  be p r e f e r r e d .  .
3*4* The Contact Probe Method
3 . 4 . I • I n t ro d u c t io n
The experim enta l arrangement o f  th e  c o n ta c t  probe method i s  
i l l u s t r a t e d  sch em a tic a l ly  in  F igure  3 .2 .  In  essence , two t r a n s d u c e r s ,  
one a c t in g  as a t r a n s m i t t e r  o f  u l t r a s o n ic  waves, and th e  o th e r  as a 
r e c e iv e r  are  planed on o ppos ite  s id e s  o f  a p a r a l l e l  s ided  specimen. 
Pulsed  u l t r a s o n ic  waves are t r a n s m i t t e d t th rough th e  specimen and th e .  
t r a n s i t  time o f  th e  p u lses  i s  measured u s in g  an o s c i l lo s c o p e .  By
knowing th e  wave p a th  le n g th ,  th e  v e lo c i ty  o f  p ropaga tion  can be 
c a lc u la te d .  Depending on th e  type  o f  t ra n sd u c e rs  used in  th e  c o n tac t  
probe, th e  u l t r a s o n ic  waves produced may e i t h e r  be lo n g i tu d in a l  o r  shear.
3 .4*2 . Theory
•  i
The u n i t  c e l l  o f  p o lye thy lene  has orthorhombic symmetry (80) .
Nye ( 69) shows t h a t  th e  e l a s t i c  p r o p e r t i e s  o f  a system o f  orthorhombic 
symmetry may be com plete ly  d escribed  by th e  n ine e l a s t i c  c o n s ta n ts
° l l *  °22 ’ °33» c44’ °55’ °66 ’ °12’ C13’ and °23* The s ix
e l a s t i c  c o n s ta n ts  cn_, c~«, c.,.,, c . . ,  ccr- and c , ,  may be11 22 33 44 55 66
determ ined by measuring th e  v e l o c i t i e s  o f  th e  lo n g i tu d in a l  and sh e a r  
waves t r a v e l l i n g  p a r a l l e l  to  t h e ' t h r e e  p r in c ip a l  axes o f  th e  specimen 
X, Y & Z, The rem aining  th re e  e l a s t i c  c o n s ta n ts ,  C13’ an<^  ^23
may be determined by making v e lo c i ty  measurements in  p lan es  whose 
normals a re  not p a r a l l e l  to  one o f  th e  p r in c ip a l  axes .
Blocks w ith two s id e s  p a r a l l e l  to  th e se  p lanes  were c u t  from 
a r e c ta n g u la r  specimen. F igu re  33 shows th e  o r i e n ta t i o n  o f  th e se  
b lo c k s ,  denoted as B, C o r  D type  b lo c k s ,  tfhere p o s s ib le  th e  b locks  
were cu t a t  45° "t0 ih e  p r in c ip a l  axes as th en  th e  c o n t r ib u t io n  o f  th e  
e l a s t i c  c o n s ta n ts  to  b e ■determined was a t  a maximum.
The fo llow ing  n o ta t io n  re g a rd in g  th e  d i r e c t i o n  o f  measurement 
o f  wave v e l o c i t i e s  i s  used throughout t h i s  s e c t io n .  The v e l o c i t y  o f  
a lo n g i tu d in a l  wave t r a v e l l i n g  p a r a l l e l  to  th e  X a x is  i s  termed v^ 
and s im i la r ly  f o r  waves t r a v e l l i n g  p a r a l l e l  to  th e  Y or Z ax es .
The v e lo c i ty  o f  a shear  wave t r a v e l l i n g  p a r a l l e l  to  th e  Y a x is  w ith  
p a r t i c l e  d isplacem ent p a r a l l e l  to  the  Z a x is  i s  terms v  and 
S im ila r ly  f o r  o th e r  d i r e c t io n s  o f  wave t r a v e l  a n d * p a r t ic le  d isp lace m e n t.  
In  t h i s  a n a ly s is  i t  i s  assumed th a t  p lane wave f ro n ts  e n te r  th e  specimen 
p a r a l l e l  to  th e  c o n ta c t  probe f a c e s .
Type A Specimens
This i s  a cube w ith s id e s  cu t p a r a l l e l  to  th e  p r in c ip a l  axes 
as shown in  F igu re  3.3a* The e l a s t i c  c o n s ta n ts  a re  g iven  by
11
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= p v
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‘44
55
'66
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( 3 .7 )
Type' B Specimens
which a re  ob ta ined  from (3*2).
R e fe r r in g  to  F igure  3«3B? th e  wave normals a re  in  th e  XZ plane
a t  0 t o  X. Three wave v e l o c i t i e s  were measured i which i s  aGl
t r u e  shea r  wave, which i s  a q u a s ish e a r  wave and which i s  a 
q u a s i lo n g i tu d in a l  wave. The waves w ith v e l o c i t i e s  V_ and V„TI have3 Lr U-n
p a r t i c l e  d isp lacem en ts  in  th e  XZ p lan e .  The t ru e  shea r  wave w ith
v e lo c i ty  V^y has *= 0 and n^ -  0 .  Hence equation(3*2)
reduces  to
pv,GY
2 2 C , /  nn + G , .n^ 66 1 44 3
(3 .8 )
The wave i s  propagated  a t  an angle  o f  0 to  X- hence nn « cos 0
and n^ = s in  0  $ g iv in g
2 P VGY = + + ~ G C 0 S  2 044 ’66 66 44' (3*9)
For p ro p ag a tio n  o f  waves in  th e  XZ p lane  where P^ = 0 and
n^ = 0, th en  eq u a tio n  (3*2) reduces  to
Pi -C
(A1 -  p v  )
-(A -  p v  )
which i s  q u a d ra t ic  in  /OV with' s o lu t io n s
2 p v  = A  ^ + A^ y  (A3 -  A ) 2 + ( 2C) ( 3 .10)
When th e  waves are  propagated in  a medium o f  orthorhombic 
symmetry a t  an angle 0  to  X, th en  equa tion  (3*10) becom es:-
r2 ' ■ 4  Cn  + 4  + CRc. 4* 4  '(0l r -  G ^ )  cos 2 0 4- P.2yov; 33 55 11 B
and
/=>% i  + G55  + ^ ^Gl l  ”  G3 3  ^ c o s  2 ^  ~ PB
where
~ +-(s G-|-|- + “ Cc;t.):-COS 2 033 : * 11 33 55*
(G1 3 + C55) s in  2 0
4
"• Now V1 = VQ and V2 = VGR
(3 .1 1 )
The assignment o f  7n and VnTT to  1L and V0 i s  ba-sed on th e  v a lu eu uH j. c.
o f  th e  v e lo c i ty  as th e  q u a s i lo n g i tu d in a l  v e lo c i ty  V„ has a g r e a t e rlx
v e lo c i ty  th an  th e  q u a s ish e a r  v e lo c i ty  V •Wi
The e l a s t i c  co n s ta n t  i s  found from equa tion  ( 3 . 11)
Type C Specimens
R e fe r r in g  to  F igure  3*3*G ,the  wav©'normals a re  in  th e  XY plane  
a t  45° to  X. Three wave v e l o c i t i e s  were measured: th e  wave w ith  
v e lo c i ty  i s  a t r u e  shear  wave: and are  th e  v e l o c i t i e s
o f  th e  q u a s i lo n g i tu d in a l  and. q u a s ish e a r  waves r e s p e c t iv e ly ,  and b o th  
have p a r t i c l e  d isp lacem ents  in  th e  XY p la n e .  By a s im i l a r  method 
to  t h a t  above fo r  type B specimens, equa tions  may be d e r i v e d  from 
eq u a tio n  (3 * 2 .) ,  r e l a t i n g  th e  wave v e l o c i t i e s  and.
e l a s t i c  con s tan ts#  Hence from equa tion  (3*2#)
2 yOV.2MZ '55
+ c 44 (3-12)
/ °  a
/ °  vmn
■icl l + fc22 + c66 + PC
^ 1 1  + P 22 * C66 -  PC
43.13)
where
pg - + W.V4(P2 2 - cu )  ^ + (c12 + c66)
From equa tion  (3 .  13 ) , th e  e l a s t i c  co n s ta n t  I s  found.
Type D Specimens
The wave normals a re  in  th e  YZ p lane  a t  45° -to Z. See F ig u re  3»3D» 
Three waves are  p ropaga ted . i s  th e  v e lo c i ty  o f  th e  t r u e  shear
waves V,-.-, and V-. a re  the  v e l o c i t i e s  o f  th e  q u a s ish e a r  and q u a s i -  
lo n g i tu d in a l  waves r e s p e c t iv e ly ,  and both  have p a r t i c l e  d isp lacem ent 
in  th e  YZ p la n e .  In  a s im i la r  manner to  th e  procedure f o r  type  
B specimens above, s u b s t i t u t i o n  in to  eq u a tio n  (3*2) le a d s  to  th e  
fo llo w in g  e q u a t io n s ; -
2 / ° V P X 
2 / °  ,/2p
2 / ° vpq
where
P =D
C66, + °55
'fiC22 4 '®°33' + °44 + PD 
iff22 + ic 3 3  ♦ c -  PB
V 4 -  c22) 2 + (c23 + c )2
(3 .1 4 )
(3 .1 5 )
l'he e l a s t i c  c o n s ta n t  Cg, may .te  c a lc u la te d  from e q u a tio n  (3*15)
3 .4*3. Experim ental Procedure
Specimens were prepared  in  the  form o f  b lo ck s  such t h a t  th e
p ath  le n g th  o f  th e  u l t r a s o n ic  wave was between 10 mm and 15 mm.
Type A b locks  w ith  s id e s  cu t p a r a l l e l  to  th e  p r in c ip a l  axes had 
dimensions o f  approxim ately  15 mm (X) x 10 mm (Y) x 15 mm (zjj.
Blocks cu t a t  o th e r  ang les  to  th e  p r in c ip a l  axes were a ls o  prepared  
-and d es ig n a te d  Type B, C or D b locks  (see  S ec t io n  3*4*2). S ec t io n s  
cu t from th e  drawn s t r i p  were microtomed f l a t  and annea led . Specimens 
o f  th e  d e s ire d  geometiy were th e n  sawn from the  annealed s t r i p  e i t h e r  
u s in g  a t a b le  saw followed by microtoming in  th e  case o f  A and B 
type specimens or a m i l l in g  machine f o r  C and D type specimens. The 
method o f  c u t t i n g  on th e  m i l l in g  machine ensured t h a t  th e  C and I) 
type  specimens were cu t  a t  known ang les  to  th e  p r in c ip a l  axes X,Y o r  Z. 
The angle o f  th e  fa c e s  o f  th e  B type specimens to  th e  Z a x is  was 
checked by wide angle  X-ray d i f f r a c t i o n  to  an accuracy o f  1 d eg ree .
The c o n tac t  probes c o n s is te d  o f  a  p a i r  o f  lead  z i r c o n a te  
t r a n sd u c e r s  which were backed w ith  tu n g s te n  loaded A r a ld i t e .  Each 
o f  th e  t ra n sd u c e rs  was th en  cemented to  one end of a p a i r  o f  s t e e l  
rods  w ith phenyl s a l i c y l a t e .  The two rods  were mounted in  a r i g i d  
frame and could be t ig h te n e d  to g e th e r  w ith  screws onto a specimen 
p laced between them. A schem'atic diagram o f  the  c o n ta c t  probes 
i s  shown in  F igure  3 -2 .  P r io r  to  a measurement th e  fa c e s  o f  th e  
c o n ta c t  probes were l i g h t l y  coated  w ith  a t h i n  hydrocarbon o i l  to  
ensure good c o n ta c t  between th e  p r o b e a c e s  and th e  specimen. The 
specimen was th en  p laced  between th e  probes and they  were screwed 
to g e th e r  to  g r ip  i t .  A t r a n s i t  time measurement was ta k e n ,  th e  
specimen re le a se d  and r o ta te d  th rough 90° about th e  probe-probe 
a x i s .  The probes were r e t ig h te n e d  o n to  th e  specimen and a  second 
t r a n s i t  time o b ta in ed .  In  th e  case o f  lo n g i tu d in a l  waves, t h i s
procedure served as a  check on th e  f i r s t  measurement and in  ijhe case
removing th e  specimen from th e  probes, i t s  th ic k n e s s  was measured 
u s in g  a m icrom eter.
The measurements o f  t r a n s i t  time g,nd a t t e n u a t io n  were made 
u s in g  a PEPTEA 2B u l t r a s o n ic  p u lse  g e n e ra to r  and r e c o rd e r ,  
manufactured by Yideoson L td . in  co n ju n c tio n  w ith th e  N a tio n a l  
P h y s ic a l  Laboratory*
The PEPTRA appara tu s  produced v o l ta g e  p u lse s  a t  a r e p e t i t i o n  
frequency o f  about 1000 p u lse s  p e r  second which were converted  in to  : 
mechanical wave p u lse s  by th e  t r a n s m i t t in g  t ra n s d u c e r .  The r e c e iv in g  
t r a n s d u c e r  th en  r e c o n s t i t u t e d  th e  e l e c t r i c a l  pu lse  and d isp la y e d  i t  
on one beam o f  a dual.beam o s c i l lo s c o p e .  The r e c e iv e r  s id e  o f  th e  
c i r c u i t  in c o rp o ra te d  an a t t e n u a to r  a d ju s ta b le  t o  idB . A v a r i a b l e  
.d e la y  t im e r  capable  o f  r e a d in g , to  1 ns enabled th e  t r a n s i t  tim e o f  
th e  p u lse  to  be measured. The de lay  t im e r  was c a l i b r a t e d  w ith  a 
q u a r tz  o s c i l l a t o r  o f  period  100 n s ,  th e  ou tpu t o f  which was d isp lay ed  
by th e  second beam o f  th e  o s c i l lo s c o p e .  Inco rp o ra ted  in to  th e  
equipment was a frequency a n a ly se r  w ith  a g a te  which enabled any 
p o r t io n  o f  th e  pu lse  to  be s e le c te d  and i t s  frequency spectrum 
d isp la y e d .  The c a l i b r a t i o n  o f  th e  specimen a n a ly se r  was checked 
■frith a s ig n a l  g e n e ra to r .
A tim e measurement was made by a d ju s t in g  th e  time d e lay  to
of  th e  shear  waves, i t  allowed a check to  ensure t h a t ,  f o r  example,
was equal t o  V, No absolute; measurement of
e x e r ted  by th e  probes on th e  specimen was made, but v e lo c i ty  
measurements were found to  be re p ro d u c ib le  to  - , i n d i c a t in g
t h a t  th e  in f lu e n c e  o f  p re ssu re  was s l i g h t .  Immediately a f t e r
b r in g  a  r e fe re n c e  p o in t  on th e  p u lse  co in c id e n t  w ith th e  c e n t r e  o f  
th e  o s c i l lo s c o p e  g r id .  The a t t e n u a to r  was th en  ad ju s te d  to  [s tandard ize
• i
th e  am plitude o f  th e  p u lse  and the  time de lay  no ted . The r e fe re n c e  
po in t  was u s u a l ly  th e  f i r s t  c ro sso v e r  but o c c a s io n a l ly  th e  second 
_ c ro sso v e r  was used; see F igure  3*4* The procedure was rep e a te d  
w ithou t th e  specimen in  th e  c o n ta c t  p robes .  The d i f f e r e n c e  in  th e  
two d e lay  tim es was th e  tim e f o r  th e  pu lse  to  t r a v e r s e  th e  specimen. 
Between each s e t  o f  measurements the  v e r t i c a l  p o s i t io n  o f  th e  t r a c e  
was checked and i f  necessary  r e a l ig n e d  w ith  th e  X  a x is  on th e  
o s c i l lo s c o p e .  The de lay  tim e c a l i b r a t i o n  was checked a g a in s t  th e  
ou tpu t o f  th e  q u a r tz  o s c i l l a t o r  and i f  necessa ry  a d ju s te d .  A 
magnifying le n s  was always used to  observe th e  t r a c e  and th e  g r id  
was im prin ted  onto  th e  o sc i l lo s c o p e  to  avoid p a r a l l a x  e r r o r s .
3 .4 .4 .  Accuracy and R e p ro d u c ib i l i ty
The de lay  tim e recorded  from th e  o sc i l lo sc o p e  could  be measured 
to  an accuracy o f  -  2 n s .  (The m anufacturers  and an o th e r  au th o r  u s in g  
th e  same appara tu s  c la im  an accuracy o f  -  1 ns ( S i ) ) .  T his  in t ro d u c e s  
\  an u n c e r ta in ty  in  th e  t r a n s i t  time o f  th e  p u lse  through th e  specimen 
of  about - 0 .1 $ .  The pa th  le n g th  was measurable to  -  0 .1 $ ,  su g g e s t in g  
t h a t  th e  v e lo c i ty  measurement should be a c c u ra te  to  -  0 .2 $ .  However, 
as w i l l  be shown l a t e r  in  t h i s  s e c t io n ,  a t y p i c a l  va lu e  o f  th e  
r e p r o d u c ib i l i t y  o f  a measurement was only -  0 .5 $  and hence t h i s  f ig u r e  
w i l l  be tak en  to  re p re s e n t  th e  accuracy o f  th e  measurements. The
d e n s i ty  o f  a specimen was measured, to  -  0 .1 $  r e s u l t i n g  in  e l a s t i c
c o n s ta n ts  o f  th e  type  0 ^ ,  ^ 22’ ^33’ ^44’ ^55 an^ ^66 a c c u ra te
to  -  1 .1 $ .  The e l a s t i c  c o n s ta n ts  and which were e v a lu a ted
u s in g  experim enta l v a lu e s  o f  o th e r  e l a s t i c  c o n s ta n ts  (See e q u a t io n s  
(3 .13 )  and (3 .15)  r e s p e c t iv e ly )  were th e r e fo r e  acc u ra te  to. -  4$ .  The
e l a s t i c  cons tan t. .  which a d d i t io n a l ly  involved measuring an
angle  0  (see  eq u a tio n  ( 3 .1 l )  ) was a c c u ra te  to  -  5f°» \
One o f  th e  o b je c t iv e s  o f  t h i s  p a r t  o f  th e  work was to  j compare 
fo u r  d i f f e r e n t  u l t r a s o n ic  v e lo c i ty  measurement te c h n iq u e s ,  in  term s 
o f  t h e i r  r e p r o d u c ib i l i t y  and accuracy . This  n e c e s s a r i ly  involved  
de te rm in ing  th e  accuracy o f  each method in  tu rn ,  and where p o s s ib le ,  
making th e  v e lo c i ty  measurements on th e  same specimens. The two 
immersion te c h n iq u e s ,  d esc rib ed  in  S ec tio n s  3.5 and 3*6 .,  r e q u ire d  
specimens th a t  in  one dimension were too  la r g e  .to be measured by 
th e  c o n ta c t  probe method. Consequently, a number o f  p o in ts  needed 
to  be e s ta b l i s h e d ,  b e fo re  a meaningful comparison o f  tec h n iq u e s  could 
be a ttem pted , in c lu d in g  s
i )  t h a t  specimens w ith a s im i la r  p re p a ra t io n  h i s t o r y  o f  
drawing, microtoming and an n ea lin g  had s im i la r  e l a s t i c  
p r o p e r t i e s .
r i i )  t h a t  specimens up to  70 mm long  (z) had uniform  e l a s t i c
; p r o p e r t i e s  along t h e i r  l e n g th ,  p a r t i c u l a r l y  subsequent
to  t h e i r  annea ling  t re a tm e n t .
i i i )  t h a t  specimens had uniform e l a s t i c  p r o p e r t i e s  th rough
t h e i r  th ic k n e s s  (Y-), so t h a t  comparison could be made
between specimens t h a t  may have b een  microtome! to i  
■ 1 ' 
d i f f e r e n t  e x t e n t s .
A number o f  experim ents were dev ised , th e r e fo r e ,  not only to
determ ine th e  r e p r o d u c ib i l i t y  o f  v e lo c i ty  measurement, but a lso  to
e s t a b l i s h  th e  homogeneity o f  th e  specimens. These w i l l  now be
d e s c r ib e d .  •
Two s im i la r  s t r i p s  o f  drawn m a te r ia l  were microtomed in
p re p a ra t io n  f o r  a n n e a lin g .  S t r ip  K, dimensions 16 mm (x) x 5 mm (T) x 86mm
• :  ; (Z
was annealed a t  105° C f o r  30 minutes and subsequen tly  cu t in to  fo u r  
specimens, each o f  dimensions 14 mm (x) x 6 ram (Y) x  14 mm ( z ) .
S t r i p  L, i n i t i a l l y  16 mm (x) x 5 mm (Y) x 64 mm (Z ),  was cu t
in to  fo u r  p ie c e s ,  each 16 mm (x) x 5 mm (Y) x 15 mm (z) and th en  
annea led . The annea ling  o f  s t r i p  K and th e  fo u r  specimens from 
s t r i p  L was s im u ltaneous . A ll  e ig h t  specimens were th en  microtomed^
The v e l o c i t i e s  V , V , V , V , V , V . V V and Vx ’ y* z xy’ y x ’ yz zy, .xz zx
were measured f o r  each o f  th e  specimens on up to  te n  d i f f e r e n t
o c c a s io n s .  Table 3*1 shows th e  v a lu es  o f  the  v e l o c i t i e s  V , V andx ’ y
V f o r  th e  specimen K l ' measured on te n  d i f f e r e n t  o c c a s io n s .  The
maximum d e v ia t io n  from th e  mean f o r  th e  V v a lu es  i s  0 .4 $ .  Tablex
3*2. shows th e  v a lu e s  o f  th e  average v e lo c i ty  M; th e  s tandard  
d e v ia t io n  cr and th e  number of measurements made 011 th e  e ig h t  specimens 
Kl, K2, K3, K4, L I ,  L2, L3 and L4* As can be c l e a r l y  seen , th e  
v e l o c i t i e s  measured o n . s t r i p  K and s t r i p  L are  i n t e r n a l l y  s e l f -  
c o n s is te n t  5 e .g .  th e  V v a lu e s  f o r  th e  specimens Kl, IC2, K3 and K4 
are  in  good agreement. Also th e r e  i s  good agreement between say, 
th e  v a lu es  o f  s t r i p  K and th o se  o f  s t r i p  L, showing t h a t  a l l  th e  . 
specimens have s im i la r  e l a s t i c  p r o p e r t i e s  i r r e s p e c t iv e  o f  t h e i r  s iz e  ' 
d u r in g  th e  annea lin g  t re a tm e n t .
A s e r i e s  o f  v e lo c i ty  measurements were made on a b lo ck  o f  
annealed and microtomed m a te r ia l .  Between each v e lo c i ty  measurement 
th e  o u te r  s u r fa c e s  o f  th e  specimen were microtomed o f f  to  determ ine 
th e  e f f e c t  o f  any su rfa c e  sk in  on*the o v e ra l l  e l a s t i c  p r o p e r t i e s .
To w i th in  th e  experim ental accuracy no t re n d  was observed and hence 
i t  is ' concluded th a t  th e  b locks  are  e l a s t i c a l l y 7 homogeneous.
The measurements on th e  type A, B, C and I) specimens provided  .
f u r t h e r  checks on th e  homogeneity o f  th e  specimens. Equations  3«9»
3.12 and 3*14 r e l a t e  sh ea r  v e l o c i t i e s  o f  th e  type V„.r , and V„v* GY1 MZ’ PX
measured on type B,C and !D specimens r e s p e c t iv e ly ,  to  e l a s t i c  c o n s ta n ts
which have "been determ ined from type A specimens. Comparison o f
th e  measured shear  v e lo c i ty  w ith  th e  e l a s t i c  c o n s ta n ts  showed t h a t
th ey  d i f f e r e d  by a maximum o f  -  1*5y°i which i s  w i th in  th e  experim enta l
e r r o r  o f  -  3^.
A s im i la r  method o f  a s se s s in g  th e  homogeneity o f  th e  specimens 
and s e l f - c o n s i s t e n c y  o f  th e  v e lo c i ty  measurements a r i s e s  from th e  
method o f  e v a lu a t in g  th e  e l a s t i c  c o n s ta n ts  i n  th e  immersion methods.
The th e o ry  w i l l  be more f u l l y  developed in  s e c t io n  3»5*2. bu t th e  
e s s e n t i a l  equa tio n s  r e l a t i n g  e l a s t i c  c o n s ta n ts  and measured v e l o c i t i e s  
a re  i —
Type B specimens. Wave normals in  th e  XZ plane? p o la r iz e d  in  th e  XZ plane 
2 /0 (VL2 + Vg 2) = Cl i  + C33 + 2C55 -  (C33-  Cu ) cos 2RZ (3 .1 6 )
Type C specimens Wave normals i n  th e  XY p lan e ;  p o la r is e d  in  th e  XY p lan e  
2 / ° ( % 2 + Vs 2  ^ = CU * + C22 + 2C66 "  ^C22" Cl l ^  008 2EX (3 .1 7 )
Tyne I) specimens! ifave normals in  th e  YZ p lan e ; p o la r is e d  i n  th e  YZ p lane  
2 / o (vl  + Vg ) = C22 + C33 + 2G44 -  ( c 33 -  c 22) cos 2’^  (3 .1 8 )
where R .^, Ry, and R^ are  th e  ang les  between th e  wave normal 
o f  th e  r e f r a c t e d  beam and th e  X,Y or Z. a x is  r e s p e c t iv e ly
Taking p ropaga tion  in  th e  YZ plane as an example, th e n  e q u a tio n  
( 3 .18) shows t h a t  th e r e  i s  a l i n e a r  r e l a t i o n s h i p  between th e  term
0 * 0  rt
VL + Vg and cos 2Ry. At Ry = 0 th en  cos 2Ry = 1 and th e
2 2 2 2 term + Vg i s  Vy + Vy^ * which i s  measured on Type A specim ens.
At Ry ' *= 45°» th e n  cos 2Ry = 0 and the  term 4- Vg^ i s
2 ' 2  • iV_ + V_~ which i s  measured on Type D specimens. S i m i l a r l y  P PQ 7 >
a t  Ry • ®. 90° th e n  c o sS R y 3 "! and th e  term  VT ^ -f i s  i
2 2Vz  + V^y which i s  measured on Type A specimens- These 
v a lu e s  were p lo t t e d  g r a p h ic a l ly  as shown in  F igure  3*5* Graphs 
s im i l a r  to  t h i s  were p lo t te d  f o r  p ropaga tion  in  th e  XY? XZ and YZ 
p lan es  f o r  th re e  s e t s  o f  specimens. I t  was found t h a t  th e  
experim en ta l p o in ts  f i t t e d  the  t h e o r e t i c a l  s t r a i g h t  l i n e  to  
w i th in  -  4f°j which i s  w ith in  th e  experim enta l .errox’. The r e s u l t s  
o f  t h i s  t e s t  r e in f o r c e  th e  a s s e r t i o n ’ t h a t  th e  specimens were 
e la s t ic a l ly 'h o m o g e n e o u s„
A f u r t h e r  simple t e s t  which in d ic a te s  th e  l e v e l  o f  “both th e '  
specimen homogeneity and. th e  r e p r o d u c ib i l i t y .  I s  to  compare the  
v a lu es  o f  th e  sh ea r  v e l o c i t i e s  o f  th e  type V™.. and V.rv which shouldA.X 1a
he equal* I t  was found th a t  th e  v e l o c i t i e s  were equal to  w i th in  
+ lf> which is .  w i th in  th e  e x p e r im e n ta l ' e r ro r*
3*4*5• D iscuss ion
Due mainly to  th e  simple experim ental techn ique  and th e  
r e l a t i v e l y  small specimens in q u i re d ,  but a l s o  to  th e  good rep ro d u c­
i b i l i t y  achieved w ith  t h i s  methodj th e  m a jo r i ty  o f  th e  r e s u l t s  
r e p o r te d  in  Chapter 6 were obtained  u s in g  th e  c o n ta c t  probe method*
The experim ents to  check r e p r o d u c ib i l i t y  and homogenity show 
c l e a r l y  t h a t  measurements made on specimens of d i f f e r e n t  s iz e  which 
have had s im i la r  p re p a ra t io n  h i s t o r i e s  a re  v a l id -  Hence meaningful 
comparison can be made o f  r e s u l t s  from th e  c o n ta c t  probe and immersion 
methods, and a lso  the  procedure fo r  c a l c u l a t i n g  a s e t  o f  e l a s t i c  
c o n s ta n ts  u s ing  fo u r  specimens with s im i la r  p r e p a ra t io n s  i s  v a l i d a t e d .
Numerous au th o rs  have used co n tac t  probe methods fo r  measuremeir
o f  u l t r a s o n i c  v e l o c i t i e s  in  polymers (82 -  85)* A more advanced
• i
a p p a ra tu s  in c o rp o ra te s  a p re s s u re  t ra n sd u c e r  to  o b ta in  re p ro d u c ib le
1
clamping p re s s u re s  ( 86, 87)* The accuracy  a t t a in a b le  u s in g  the  
c o n ta c t  probe method i s  claimed to  be about 1/fr o r  2$ a f t e r  a s e r i e s  
o f  s tu d ie s  on a range o f  th e rm o p la s t ic  and th e rm o se t t in g  polymers 
( 88, 89) .  Table 3.3* shows some v a lu es  o f  th e  lo n g i tu d in a l  a.nd 
t r a n s v e r s e  wave v e l o c i t i e s  fo r  v a r io u s  grades  o f  po ly e th y len e  i n  
i s o t r o p i c  form th a t  have been re p o r te d  i n  th e  l i t e r a t u r e .  I t  may 
be seen  t h a t  th e  v a lu e s  re p o r te d  in  t h i s  s tudy  f a l l  w i th in  th e  
range o f  v a lu es  re p o r te d ,  g iv in g  an e x te rn a l  check on th e  accuracy  
o f  th e  r e s u l t s .
3 .5 .  The Immersion Method w ith  Two Transducers  
3.5*1* In t ro d u c t io n
One o f  th e  l i m i t a t i o n s  o f  th e  c o n ta c t  probe method o f  measuring 
u l t r a s o n ic  s t r e s s  wave v e l o c i t i e s  i s  t h a t  only.wave v e l o c i t i e s  in  
d i r e c t io n s  normal to  th e  specimen faces  may be measured. The 
immersion method overcomes t h a t  r e s t r i c t i o n  by the  use  o f  a co u p lin g  
medium between th e  t ra n sd u c e rs  and specimen which allow s th e  specimen 
to :b e I  r o ta t e d ,  so t h a t  th e  u l t r a s o n ic  beam can be in c id e n t  a t  a 
range o f  a n g le s .  The specimen i s  mounted on a tu r n t a b l e  p laced  
between two t r a n s d u c e r s ,  one to  t ra n sm it  and th e  o th e r  t o  r e c e iv e  
pulsed  u l t r a s o n ic  waves. The t ra n sd u c e rs  and tu r n t a b l e  a re  th e n  
p laced  in  a tan k  c o n ta in in g  a s u i t a b le  coup lin g  medium (u s u a l ly  
d i s t i l l e d  w ater) a t  a known tem p era tu re .  The l iq u id  co u p lin g  medium 
only perm its  th e  p ropaga tion  o f  lo n g i tu d in a l  waves, bu t a t  non-normal 
an g les  o f  inc idence  mode conversion  occurs  a t  th e  l iq u id -sp e c im e n  
boundary, ( e .g .  70) and both  lo n g i tu d in a l  and shear  waves a re
propagated  in  th e  specimen.
3*5*2., Theory j
v
. Equation  (3*2..) determ ines  th e  d i r e c t i o n  and v e lo c i ty  o f  s t r e s sj
waves in  e l a s t i c  media. I f  t h i s  eq u a tio n  i s  applied  to  tlie s p e c i f i c  
•experim ental geometry of th e  immersion method, th en  i t  i s  s im p l i f ie d  
as o u t l in e d  below.
Consider a lo n g i tu d in a l  wave in c id e n t  in  th e  YZ p la n e |  th en  
i t  may be shown t h a t  i t s  wave normal, ray  d i r e c t io n  and p a r t i c l e  
d isp lacem ent a re  a lso  in  th e  YZ plane ( 67) iv e .  p^ = 0 and n^= 0 .
Therefo re  only two waves are  propagated , the  v e l o c i t i e s  o f  
which correspond to  th e  s o lu t io n s  of eq u a tio n s  3*4* and 3*5*
Now from eq u a tio n  (3*4)>
P2
P3 (A2 -  )
and from eq u a tio n  (3 *5)
Po , f a ~„2
P3 P
hence (A2 -  ^ o v 2) (A^ -  yov2) = P2 (3*19)
* 2This  i s  a q u a d ra t ic  eq u a tio n  in  j o v  w ith  s o lu t io n ,
2y O v 2 = (A2 ■+' A3) 2 i  y  (Ag -  A3) 2 + (2B) 2 ( 3 . 20)
S u b s t i tu t in g  f o r  th e  term s A0 A-, , _2, 3 and P m> eq u a tio n  (3*20; from
__.
e q u a t io n - ( 3 *2 ) and im posingjthe orthorhombic symmetry and experim en ta l 
c o n s t r a in t s  o f  p rop ag a tio n  in  th e  YZ p lan e , then  e q u a tio n  ( 3 *20) 
becomes
2/Ov2 = i o ?? + - |c33 + C44 -  ■§■ (CJ3 -  C22) cos 2 r
1 V  [^ 3 3  “ '^22 + (C44 “ ^ 3 3  " "*C22) 003 2r]  2 4 [^C23+ °44> 3in 2r
(3 .2 1 )
where r  i s  th e  angle "between th e  wave normal o f  th e  r e f r a c te d  
ray  and Y. • I
i' I
The two s o lu t io n s  o f  t h i s  q u a d ra t ic  equa tion  a re  terfoed VT ,
' • ! 
th e  v e lo c i ty  o f  th e  lo n g i tu d in a l  or q u a s i lo n g i tu d in a l  vavej ob ta inedi
from th e  p o s i t iv e  ro o t  o f  th e  equa tion  and the  v e lo c i ty  o f  th eo
sh ear  or q u a s ish e a r  wave ob ta ined  from th e  n eg a tiv e  ro o t  o f  th e  
eq u a t io n .
hences
2 / °  VL = ^ 2 2  '* ^ 33 *,.C44 “  * ^°33 ~ C22^°°S 2 r
+ ;V f :C33 “  ^ 2 2  + (c44 "  |C 33 ~ 4C22} cos 2 r ]  2 + [ fC23+C44) s in  2 r]  2
( 3 . 22)
2/ ° Vs2 . = iC 22 + 4C33+ °44 “ j  (C33 "  C22> ° 0s 2r .
"  V  P °3 3  -  f c 22 * {C44 " ^ 3 3  -  |CW  ° ° s 2r ]  2 * [<°23 + C44) s in  2 r]  ?
■ (3 .23)
In  th e  genera l  case o£ wave p ro p ag a tio n  in  a n i s o t r o p ic  media, 
th e  ra y  and. wave normal d i r e c t io n s  a re  not c o in c id e n t .  The ra y  d i r e c t io n  
i s  defined  as th e  d i r e c t io n  along which th e  energy t r a v e l s ,  and th e  
wave normal d i r e c t io n  i s  th e  d i r e c t io n  normal to  th e  wave f ro n ts . -  
In  th e  p a r t i c u l a r  case  o f  orthorhombic symmetry, only i f  th e  u l t r a ­
sonic  beam i s  in c id e n t  normally a t  th e  l iq u id -sp ec im en  boundary and 
i s  p a r a l l e l  to  one o f  th e  p r in c ip a l  axes X, Y or Z, a re  th e  ra y  and 
wave normal d i r e c t io n s  c o in c id e n t .  For p ropaga tion  in  th e  YZ p la n e ,  
i t  has been shown (67) t h a t  i f  th e  wave normal i s  i n  th e  YZ p lane
1a t  an angle •©■ to  Z, th e n  th e  ra y  d i r e c t io n  i s  a lso  in  th e  YZ plane 
a t  an angle  0  to  Z ; , s e e  F igu re  3*6.
From ( 67)$ we have t h a t :
tan  t  2C22 C44 s in  2«  + { ^ ^ / - ( C , , ^ ) 2 } c o s%  - f A * ^  f
t a n  *  2C33 C44 cos20  + { .C^C +C2^  -  ( C ^  C ^ ) 2 } s in 2*  - p A c r f
(3 .24)
2The te r ra p v  i s  determined from e i t h e r  eq u a tio n  (3*22) f o r  
lo n g i tu d in a l  waves o r  eq u a tio n  (3*23) Tor shear  waves.
3*p*3* C a lc u la t io n  o f  r e s u l t s
R e fe r r in g  to  F igure  ( 3 . 7) a beam of  u l t r a s o n ic  waves i s  in c id e n t  
a t  th e  specimen a t  an angle i  i n  th e  YZ p la n e .  The wave normal 
d i r e c t i o n  i s  defined  as AB and th e  ra y  d i r e c t io n  as AC. AB makes an 
angle  r  w ith  th e  specimen normal- AD. AC makes an angle  a w ith  AD.
The tim e tak en  f o r  a pu lse  to  t r a v e l  from A to  C i s
AF/ v = t  ( 3 .2 5 )sp sp
where i s  th e  v e lo c i ty  o f  th e  pu lse  in  th e  specimen.
The tim e tak en  f o r  a p u lse  to  t r a v e l  from A to  G i n : t h e  absence o f
th e  specimen i s  AG B t^- (3*26)
V ' "  •w
where V i s  th e  v e lo c i ty  o f  th e  pu lse  in  w a te r ,  w
The d i f f e r e n c e  in  t r a n s i t  t im es i s  r  = t.. -  tw s
Now AG «= AC cos ( a  -  1) (3*27)
AF » AC cos ( r  -  a )  (3*28)
AD a AC cos a = d . (3*29)
S u b s t i tu t in g  fo r  AC from ( 3 . 29) in to  equa tio n s  (3*27) and (3 .2 8 )
expanding and e l im in a t in g  a g ives
s in  i  (AF -  d cos r )  = s in  r  (AG -  d cosr’i )  C3• 30)
Now S n e l l ’ s I/aw s t a t e s .
V b V s in  r
sp w s i i n  ( 3 -31)
Hence, s u b s t i t u t i n g  f o r  AF from eq u a tio n  (3*25), AG from
eq u a tio n  (3*26) and s in  r  from equa tion  ( 3 • 3 l)  and r e a r r a n g in g  g iv e s
r  -  t- ■ -  t_  = d / cos i  -  cos r ?\ (3*32)
■ . ■ ■ " SP IV V I
\  w sp /
S u b s t i tu t in g  for'jVsp from .(3*3l) g ives
ta n  r  = s in  i  / c o s  i  -  t V \  (3-33)
Hence from equa tion  (3*33) th e  angle o f  r e f r a c t i o n ,  r ,  o f  th e  
wave normal may be found I n  term s o f  th e  known q u a n t i t i e s  i ,  r ,  V and d 
It-should, be noted t h a t  r  i s  c a lc u la te d  w ithout knowledge o f  th e  ray  
d i r e c t i o n .  The above p ro o f  a lso  ho lds  i f  a i s  assumed to  be g r e a t e r  
th an  r .
Knowing th e  v a lu e  o f  r ,  th en  th e  v e lo c i ty  o f  th e  pu lse  th rough  
th e  specimen may be found from S n e l l ’s Law eq u a tio n  (3*3 l)
Hence V = V s in  a rc  t a n  sp w
s in  i
s in :  i  /  cos i  -  ^V \  ^
( - f - J (3 .34 )
At normal inc id en ce  the  v e lo c i ty  in  th e  specimen V i s  found from
-  44  -
At normal in c id en ce ,  only th e  l o n g i tu d in a l  wave i s  e x c i te d  in  
th e  specimen. Hence from eq u a tio n  ( 3 .2 1 ) ,
2 / ° V?' = C2 2> C44
Taking the  p o s i t iv e  r o o t ,  g ives
2/ ° vL2 = 2C22 (3 .36 )
By adding eq u a tio n  (3 .22)  to  eq u a tio n  (3 .2 3 ) ,
2/ ° (VL2 + Vs 2> = C22 + C33+ 2 C 44 -  (°33 -  c22 ) cos 2 r  (3 .3 7 )
2 2Thus a graph o f  yO (V^ + ) a g a in s t  cos 2r i s  a  s t r a i g h t
l i n e ,  th e  slope o f  which has va lu e  an<^  ^n^ e rc e P^ -^s
°22 + C3 3 + 2C4 4 . The va lue  o f  0 ^  i s  known from e q u a t io n (3*36); 
hence may he found from th e  s lope and th en  C4 from th e  i n t e r c e p t .
S u b tra c t in g  eq u a tio n  (3 .23)  from eq u a tio n  (3 .22 )  and p u t t in g
-r-0r  ® 45 g ives  -
2 / ° ( V L2 - V s 2) = [ V4 <c 33 "  022) ♦ (C23 ♦ C44) ]  *  (3 .3 8 )
The e l a s t i c  c o n s ta n t  (?2 i s  found from equa tion  ( 3 . 38)
3 .5 .4 .  Experim ental P rocedure .
Specimens from 70 mm to  90 mm lo n g  (z)  were c u t  from th e  drawn 
s t r i p  and th e  s u r fa c e s  microtomed smooth. The d i r e c t i o n  o f  m icro -  
toming was p a r a l l e l  to  th e  o r i e n ta t i o n  d i r e c t io n .  The microtoming 
removed any su rfa c e  sk in ,  formed du ring  th e  moulding p ro c e ss ,  which 
has s u b s t a n t i a l l y  d i f f e r e n t  e l a s t i c  p r o p e r t ie s  f ro m .th e  b u lk .
Specimens were remicrotomed a f t e r  a n n ea l in g .  T yp ica l specimen 
dimensions a f t e r  annea ling  were 50 mm to  70 mm (z)  by 20 mm (x) by 
6 mm (Y).
The t r a n s i t  tim e o f  th e  pu lse  th rough  th e  w a te r ,  tw, was 
measured and th en  th e  specimen was clamped to  th e  t u r n t a b l e  
w ith  magnets,: ;For p ro p ag a tio n  i n  th e  YZ plane th e  speciinerSj was
* t
placed  w ith  th e  Z a x is  h o r iz o n ta l  and th e  X a x is  v e r t i c a l ,  A
. '■ i
thermocouple was p laced  above th e  specimen to  monitor i t s  tem pera tu re  
du r in g  th e  experiment* The w ater was m aintained a t  20 (^0 .05  C).
The tu r n t a b l e  was opera/bed by a s tep p in g  motor a llow ing  increm ents  
o f  0 ,1  d eg rees .  The specimen was e q u id i s ta n t  from th e  t r a n s m i t t i n g  
and r e c e iv in g  t ra n sd u c e r s  which were about 170 mm a p a r t .  The u l t r a ­
son ic  p u lse s  had a frequency o f  2*5 MHz.
The; specimen was th en  ro ta te d  to  a l ig n  th e  Y a x is  p a r a l l e l  w ith  
th e  in c id e n t  u l t r a s o n ic  beam. Two methods were used to  accomplish 
t h i s
i )  By r e f l e c t i o n .  The t r a n s m i t t in g  t ra n sd u c e r  was o p era ted  
in  t r a n sm it  and re c e iv e  mode du r ing  s e t t i n g  o f  th e  specimen. The 
specimen was r o ta te d  u n t i l  m u lt ip le  echoes were recorded  on th e  
o sc i l lo s c o p e  which in d ic a te d  t h a t  th e  in c id e n t  u l t r a s o n ic  beam was 
normal' to  the  specimen f a c e s .  The echoes a r i s e  from numerous 
r e f l e c t i o n s  from th e  f ro n t  and r e a r  fa c e s  o f  th e  specimen and a re  
only d e te c te d  when th e  specimen i s  normal to  th e  t r a n s m i t t e r .
i i )  By t r a n s i t  t im e .  V e lo c i ty  measurements made i n  th e  
YZ p lane  should be a n g u la r ly  symmetric about th e  Y a x i s .  Hence 
t r a n s i t  tim es observed a t  ang les  o f  + i or - i  t o  the  in c id e n t  beam 
ought to  be i d e n t i c a l .
E xperim en ta lly  i t  was found t h a t  th e  t r a n s i t  time method, s e t  
the  specimen more a c c u r a te ly .  T ra n s i t  t im es ,  t  , were th e n
/then measured f o r  ang les  o f  i  = 0 to  i  = 70°C, u s u a l ly  in  5 degree 
s te p s .  The specimen was then  r o ta te d  hack to  i  = 0 and t r a n s i t  t im es  
measured from i  = 0 to  i  = 70° du r ing  r o t a t i o n  in  th e  o p p o s ite  s en se .  
F in a l ly ,  a f u r t h e r  r e a d in g  a t  i  = 0 and ano ther  measure o f  t  ■were 
o b ta in e d .  These provided checks a g a in s t  specimen movement or changes 
in  the  w ater  te m p e ra tu re .  . .
The q u a n t i t i e s  measured ex p er im en ta l ly  were th e  specimen th ic k n e s s ,  
d$ th e  t r a n s i t  time w ith  th e  specimen in  th e  beam, ^ Sp5 t r a n s i t  time 
through the  w ater  t  and th e  angle o f  inc id en ce  i .  The va lue  o f  th e  
v e lo c i ty  o f  th e  p u lse  in  w ater  was found from t a b l e s  ( 7 2 ) .  The angle  
o f  r e f r a c t i o n ,  r ,  was th en  found through eq u a tio n  (3»33) and th e  v e lo c i ty
in  th e  specimen a t  a p a r t i c u l a r  angle o f  inc id en ce  i ,  th rough  eq u a tio n
2 2 (3• 34) • Graphs were th en  drawn o f  V^ vs cos 2 r  and Vg vs  cos 2 r ,
2 2F ig u re s  (3*8) and (3*9)* Values o f  V^ and Vg a t  equal v a lu e s  o f
cos 2 r  were found by i n t e r p o l a t i o n .  From th e se  in te r p o la te d  v a lu e s  
2 2th e  graph o f  VT + V^ vs cos 2 r  was drawn. The va lu e  o f  0 oo was knownJj o eLd.
2 2from equa tio n s  (3*35) an<3 (3• 36) • The s lope o f  the  V.  ^ + Vg vs  cos 2r
graph gave th e  va lue  o f  The in t e r c e p t  gave v e l o c i t i e s
o f  th e  shea r  and lo n g i tu d in a l  waves a t i  = 45° were used to  de term ine  
from equa tion  ( 3 *38) .  -
2 2The V^ + Vg vs cos 2r graph which th e  th eo ry  p r e d i c t s  to  be
l i n e a r ,  was found to  be l i n e a r  on ly  over a l im i te d  range o f  cos 2 r .
2 2An example o f  a t y p i c a l  V^ + Vg vs cos 2 r  graph i s  shown m  F igure  
3 .1 0 .  The fo llo w in g  procedure was adopted to  determ ine th e  s lo p e  
and in te r c e p t  o f  th e  l i n e .  The th re e  p o in ts  a t  th e  h ig h e s t
cos 2r v a lu e s  i . e .  cos 2 r  «= 0 .8 ,  0 .7  and 0 .6  were used in  th e  f i r s t
' l e a s t  squares  f i t 1 c a l c u l a t i o n .  The next p o in t ,  a t  cos 2 r  =* 0*5
was th e n  added to  th e  s e r i e s  and th e  ' l e a s t  squares  f i t 1 c a l c u l a t i o n
re p e a te d .  Successive  p o in ts  a t  lower v a lu e s  o f  cos 2 r  were added
and th e  c a l c u la t io n  repeated., u n t i l  the  va lu e  o f  th e  s lope  changed
by more th an  one p e r  c e n t .  That p o in t  th e n  defined  th e  e x te n t  o f
th e  l i n e a r  r e g io n  o f  th e  g raph . The s lope  and in t e r c e p t  v a lu es
c a lc u la te d  in  t h i s  manner produced v a lu e s  f o r  CL _ and C.-.* ■. 33 44
The e l a s t i c  co n s ta n t  0 ^  i s  c a lc u la te d  from e q u a tio n  ,(3«38)
us in g  v a lu e s  o f  V^ and Vg a t  cos 2 r  = 0 ( i  = 45°) and e x p e r im e n ta l ly
determ ined v a lu e s  o f  ^ 33’ ^4 4* * man^ c a s e s t however,
th e  p o in t  a t  cos 2r  = 0 was beyond the  l i n e a r  p o r t io n  o f  th e  graph.
and so C was c a lc u la te d  u s in g  th e  v a lu e s  o f  VT and V„ a t  th e  l a r g e s tJLl b
value  o f  r  w i th in  th e  l i n e a r  r e g io n .
T h e o re t ic a l  v a lu e s  o f  th e  v e l o c i t i e s  VT and V„ were c a lc u la te dJj b
from equa tio n s  ( 3 . 22) and ( 3 *23) by u s in g  th e  measured ^ 33* ^44
and ^ 3’ th e se  t h e o r e t i c a l  v a l o c i t i e s  were th en  compared w ith  th e
ex p e r im en ta l ly  determined v a lu e s ,  as in  F ig u re s  3*11 and 3 .1 2 .  I t
can be seen t h a t  th e r e  i s  good agreement between the  exper im en ta l
and t h e o r e t i c a l  cu rves  over almost th e  e n t i r e  range o f  ex per im en ta l  
2v a lu e s  o f  the  Vg v s .  cos 2r graph, F igure  3*12, bu t t h a t  the-
t h e o r e t i c a l  and experim enta l cu rves  a re  c o in c id e n t  only  over a
2l im i te d  range o f  cos 2r f o r  th e  V^ v s .  cos 2r graph, F ig u re  3*11* •
From F igu re  3*13 i t  i s  seen t h a t  th e  l i n e a r  p o r t io n  o f  th e  V^Vg^ vs. cos
graph occurs over th e  same range o f  cos 2r  as th e  range o f  co in c id en ce
2 •
on th e  V^ v s .  cos 2 r  graph. -This r e s u l t ,  which occurred  f o r  a l l
the  specimens measured, led  to  the  s u p p o s i t io n  th a t  t h e r e  was an
i n c r e a s in g  sy s tem a tic  e r r o r  in  V^ w ith  in c re a se  in  r .  Consequently 
an a l t e r n a t i v e  method o f  c a lc u la t in g  was adopted which involved
2 2de te rm in ing  th e  in te r c e p t  of the l i n e a r  p o r t io n  o f  th e  VT + V- v s .  cosll b
2 2graph w ith  th e  cos 2 r  = 0 a x i s .  From t h i s  va lue  o f  VT + VQ , th e
JJ  b
2measured va lue  o f  Vg a t  cos 2 r  =* 0 was s u b tra c te d ,  le a v in g  a
2 * oh y p o th e t ic a l  va lu e  o f  . This h y p o th e t ic a l  va lue  o f  V^ and th e
2
measured va lue  o f  Vg were th en  used in  eq u a tio n  (3*33) to  determ ine
C „ .  This method o f  c a lc u l a t i o n  o f  was p r e fe r r e d  to  th e  former 23 23
method, as the  method o f  calcu la ting  t h e . in t e r c e p t  a t  cos 2r = 0
involved  a c o n t r ib u t io n  -from a number o f  experim ental p o in t s .  In
th e" fo rm er  method, which used v a lu e s  o f  Vg and V^ a t  th e  e x te n t  o f
2 2th e  l i n e a r  range o f  Vg + V^ , only s in g le  experim ental p o in ts  
were u sed . Even so, the  d i f f e r e n c e  in  c a lc u la te d  by th e se  
two methods was about 0.1%.
. 2 2- The cause of th e  n o n - l i n e a r i t y  in  th e  VT V_, v s .  cos 2rJj b
graph w i l l  be d iscu ssed  in  S ec t io n  3*7*
3*5*5* Accuracy and R e p ro d u c ib i l i ty
The t r a c e  o f  th e  p u lse  on the  o s c i l lo s c o p e  was read  w ith  th e  .
a id  o f  a magnifying g la s s  t o  an accuracy o f  -  1 n s • Checks on th e
va lu e  o f  t  a t  i  = 0 were-made a t  l e a s t  th re e  tim es d u r in g  th e  sp .
course  of measurements. I t  was found t h a t  t  v a r ie d  by l e s s  thansp
2 ns corresponding  to  a v a r i a t i o n  in  the  v e lo c i ty  o f  0.04^* The
v a r i a t i o n  in  t  was l e s s  th an  2 ns even i f  the  specimen was r o ta te d
through 180°. The t r a n s i t  time ‘through the  w ate r ,  t  , was measuredw
a t  th e  beg inn ing  and end o f  a s e t  of measurements on a specimen.
There was a maximum d isc rep an cy  o f  2 ns in  th e se  two measurements.
These checks i n d ic a te  the  good tem perature  s t a b i l i t y  and th e  
r e p r o d u c i b i l i t y  o f  th e  s tep p in g  motor.
The specimen homogenity -was checked by t r a n s l a t i n g  thdj specimen
• ' ■ • ii
a fe u  c e n t im e tre s  normal to  th e  in c id e n t  beam. T y p ic a l ly ,  t h i s
caused a change in  th e  v e lo c i ty  measurement a t  i  =» 0 o f  4 m.s ^ or
0 .2 ^ .  Measurements o f  ? T made on th e  same specimen bu t on d i f f e r e n tJb
occas ions  d i f f e r e d  by 0 .1 ^  a t  i  = 0 which r e s u l te d  in  a change o f
0 .2 f> i n  G and 0 .3 ^  in  C_ . The e f f e c t  o f  s e t t i n g  th e  specimen 2k 33
i n c o r r e c t ly  to  the  beam by 1 degree and hence in t ro d u c in g  a sy s te m a tic  
e r r o r  o f  1° in  i  was to  change by about 4^« I f  th e  specimen had 
been s e t  i n c o r r e c t ly  to  th e  beam, i t  was re v e a le d  by non-equal v a lu e s
o f  t  a t  +fi and - i .sp
The o v e ra l l  accuracy in  de term in ing  th e  e l a s t i c  c o n s ta n ts  was 
th e r e fo r e  -  0*5$ i n  ~ 2$ I*1 5 -  4$  i n  G ^ ;  and -  7^ i n  C^
3 .5*6 . D iscuss ion
This  immersion method had been used s u c c e s s fu l ly  to  measure th e
e l a s t i c  c o n s ta n ts  o f  drawn hexagonally  symmetric p o ly v in y l c h lo r id e
to  an accuracy o f  -  0*4$ i n  C-_ and -  3$ in  C..., C. . ,  C__ and C_ ~ (91)11 33 44 ' 12 13
Another au tho r  quo tes  -  2^ r e p r o d u c ib i l i t y  i n  lo n g i tu d in a l  v e lo c i ty  
measurements made on seven d i f f e r e n t  polymers (9 2 ) .  This  method, 
th e r e f o r e ,  appeared a t t r a c t i v e  in  term s o f  accuracy and r e p r o d u c i b i l i t y  
but i t  soon became apparen t t h a t  th e  experim ental r e s u l t s  d id  not obey 
th e  th e o ry .
The v e lo c i ty  o f  u l t r a s o n ic  waves in  w ate r  as a fu n c t io n  o f  
tem pera tu re  has been measured by Greenspan and Tscheigg (72) and t h e i r
v a lu e s  were used in  the  c a lc u la t io n  o f  th e  r e s u l t s .  I t  has s in c e  been
found, however, t h a t  t h e i r  v a lu e s  are  about 0«4 ms*”'*' too  h igh over 
almost th e  e n t i r e  tem pera tu re  range o f  10° to  100° G (93>94).
This r e s u l t s  i n  an e r r o r  o f  about 0 .04^  in  in  a t y p i c a l  v a lu e  
o f  o f  2550 ms and 0 . 07/i; i n  in  a ty p i c a l  v a lu e  o f  
Yg o f  1370 ms However, th e se  e r r o r s  a re  n e g l ib le  when compared
to  th e  l i k e l y  e r r o r s  a r i s in g  from o th e r  sources®
3*6® The Immersion method w ith  one Transducer and Reflector®
3*6®1® In tro d u c t io n
This method i s  almost i d e n t i c a l  to  th e  immersion tech n iq u e  
d esc rib ed  e a r l i e r  in  S ec tio n  3*5® The two d i f f e r e n c e s  a re
i )  th e  r e c e iv in g  t ra n sd u c e r  i s  rep laced  by a p lane  tu n g s te n  
r e f l e c t o r ,  and
i i )  th e  t r a n s m i t t in g  t ra n sd u c e r  i s  opera ted  in  t r a n sm it  and 
r e c e iv e  mode.
The experim ental arrangement i s  shown sc h e m a tic a l ly  in  F ig u re  3*14* 
P u lse s  o f  u l t r a s o n ic  waves are  t ra n s m i t te d  through th e  specimen and 
th en  r e t u r n  a f t e r  r e f l e c t i o n  along th e  same pa th  to  th e  t r a n s d u c e r .
346*2. Experim ental Techniques and C a lc u la t io n  o f  R e s u l ts
The u l t r a s o n ic  t ra n sd u c e r  i s  a l ig n ed  normal to  th e  tu n g s te n  
r e f l e c t o r  by o b ta in in g  maximum r e f l e c t e d  am plitude o f  th e  p u ls e .  The 
specimen i s  p o s i t io n e d  on th e  tu rn ta b le  and a ligned  as d e sc r ib e d  
p re v io u s ly  (S ec tio n  3*5*4). The experim ental tech n iq u es  o f  specimen 
p re p a ra t io n  and v e lo c i ty  measurement a re  almost i d e n t i c a l  t o  th o se  
d esc rib ed  e a r l i e r  (S e c tio n s  3*5«2® and 3*5*3®)> w ith th e  ex cep tio n  
t h a t  th e  specimen th ic k n e s s  ..d in  equa tio n s  (3 • 32) 9 (3*33)? (3*34)«
and (3*35)* now becomes 2d®
3*6.3® D iscussiom  j
T his  method proved to  be th e  b e t t e r  o f  th e  two immersion 
methods f o r  rea so n s  t h a t  w i l l  be expla ined  more f u l l y  in  S ec tio n  3*7>2. 
Except when measuring h ig h ly  lo s s y  m a te r ia ls  when a double t r a v e r s e  
o f  th e  specimen would se v e re ly  a t te n u a te  th e  rece iv ed  p u ls e ,  i t  i s  
to  be recommended in  p re fe ren ce  to  th e  two t ra n sd u c e r  tech n iq u e  .
2 23 .7  The n o n - l i n e a r i t y  o f  V^ * Vg v s .  cos 2r p lo t
A f te r  making measurements on a few specimens i t  became apparen t
2 2t h a t  th e  n o n - l i n e a r i t y  o f  th e  * Vg v s .  cos 2r graph was a f e a tu r e  
o f  th e  immersion method. The e l a s t i c  c o n s ta n ts  determ ined from th e  
l i n e a r  p o r t io n  o f  th e  graph compared approxim ately  w ith  th o se  
determ ined on s im i la r  specimens by th e  c o n ta c t  probe method (see  
S e c t io n  3*8*2 .) .  Consequently , measurement o f  th e  e l a s t i c  c o n s ta n ts  
o f  a range o f  specimens o f  d i f f e r e n t  a n i s t r o p ie s  continued w hile 
experim ents  were conducted to  determ ine th e  cause o f  th e  n o n - l i n e a r i t y .
A number o f  f a c t o r s  which could c o n t r ib u te  t o - t h e  n o n - l i n e a r i t y  
were i d e n t i f i e d  and each was examined in ’ t u r n .
I .  Symmetry .
I f  th e  system had a lower symmetry th e n  th a t  assumed when d e r iv in g  
th e  p ropaga tion  eq u a tio n s  ( 3 . 2 l ) ,  (3*22) and (3«23)> th e n  n o n - l in e a r  
behaviour might be expected . However, measurements o f  th e  e l a s t i c  
c o n s ta n ts  o f  th e  specimens by th e  c o n ta c t  probe method showed t h a t  
th e  system was orthorhombic in  symmetry. This  was supported  by th e  
r e s u l t s  o f  wide angle X-ray d i f f r a c t i o n  which suggested t h a t  th e  
c r y s t a l l i n e  phase possessed hexagonal symmetry. In  systems o f
hexagonal symmetry, ( 2)
2 C66 = C11 "  C12 (3 .39)
T h is  t e s t  was a p p l ie d  to  a l l  th e  specimens measured by th e  jcontact 
probe method. The maximum d isc repancy  between 2 0 ^  and (^2.1^12^ 
was 10$>, w ith  th e  average d isc repancy  b e in g  3^. This  i n d i c a t e s  
t h a t  e i t h e r  th e  t e s t  i s  not p a r t i c u l a r l y  s e n s i t iv e  to  symmetry or 
t h a t  th e  system i s  n e a r ly  hexagonal in  symmetry. I t  has been 
shown, t h a t  hexagonally  symmetric systems obey a l i n e a r  r e l a t i o n s h i p  
between + Vg^ and cos 2 r .  ( 8 l , 9 l ) .
I I  ; Frequency a n a ly s i s .
The spectrum a n a ly se r  was used to  m onitor th e  frequency  
spectrum of  th e  t ra n s m i t te d  pu lse  as a fu n c t io n  of angle  o f  in c id e n c e . .  
P o la ro id  photographs were taken  o f  th e  frequency spectrum and th e  
p u lse  shape f o r  v a r io u s  ang les  o f  inc idence  f o r  both  th e  l o n g i tu d in a l  
and sh ea r  waves. T rac ings  o f  th e se  photographs are  shown i n  
F ig u re  3*15• I t  is . im m e d ia te ly  obvious t h a t ,  as th e  angle  o f  
in c id en ce  in c re a se d ,  th e  pu lse  became p ro g re s s iv e ly  devoid o f  th e  
h ig h e r  f re q u e n c ie s .  . This  Could be the  r e s u l t  of  th e  s e le c t iv e  
a t t e n u a t io n  o f  th e  h igh  f re q u e n c ie s  due to  th e  in c re a se d  p a th  l e n g th .  
A l t e r n a t iv e ly ,  th e  high frequency elem ents in  th e ' p u lse  could be 
l o s t  due to  c r i t i c a l  angle e f f e c t s .  These two a l t e r n a t i v e s  w i l l  
now be d isc u s se d .
I I I  P a th  le n g th  e f f e c t s
The r e s u l t s  o f  an experiment u s in g  th e  co n ta c t  probes to  
determ ine th e  r e l a t io n s h i p  between p a th  le n g th  and v e l o c i t y  a re
shown in  F igure  3*16. The specimens used in  t h i s  experiment had
th e  same p re p a ra t io n  as th e  specimen measured by th e  immersion
I
method, whose r e s u l t s  a re  shown in  F ig u res  3*8, 3*9> and 3.!ij0. The 
c o n ta c t  probe experiment showed th a t  a s ix fo ld  in c re a se  in  $ a th  
le n g th  from 4 mm to  24 mm led  to  a 3 decrease  in  lo n g i tu d in a l
v e l o c i t y .  At cos 2 r  = - 0 .2 ,  i . e .  r  = 5 0 * 8 °  , measured
ex p e r im en ta lly  i s  2$  l e s s  th an  th e  t h e o r e t i c a l  , bu t  th e  pa th
le n g th  a t  t h i s  angle  o f  r e f r a c t i o n  has in c reased  by only  60$ .
Two s im i la r  experim ents on i s o t r o p ic  specimens, where th e  
wave normal and r a y  d i r e c t io n s  were co in c id en t  a t  a l l  an g les  o f  
in c id e n c e ,  rev ea led  t h a t  a fo u r fo ld  in c re a se  in  pa th  l e n g th  r e s u l t e d  
in  a ■§$ decrease  i n  lo n g i tu d in a l  v e lo c i ty  when measured by th e  
c o n ta c t  p robes, and a 1$  decrease  when measured by th e  immersion 
method. The decrease  in  v e lo c i ty  i s  caused by th e  a t t e n u a t io n  o f  
th e  h igh  frequency components o f  th e  p u ls e ,  th e reb y  re d u c in g  i t s  
average v e lo c i ty .
The shear  v e lo c i ty  o f  th e  i s o t r o p ic  specimen seemed in v a r i a n t  
w ith p a th  le n g th  measured w ith  the  co n ta c t  probes bu t in c re a se d  by 
2$  f o r  a 21$  in c re a se  in  pa th  le n g th  when measured by th e  immersion 
method as shown in  F igure  3*17* A co rrespond ing  s h i f t  i n  th e  
frequency s p e c t r a  o f  both the  lo n g i tu d in a l  and shear  wave p u ls e s  
was observed . The peak frequency and h igh -frequency  c u t - o f f  f o r  
a specimen o f  path le n g th  4 mm were 2 .2  MHz and 3.1 MHz r e s p e c t i v e l y  
f o r  a specimen w ith a path  le n g th  o f  23 mm, 1 .9  MHz and 2 .7  MHz •
I t  i s  concluded, t h e r e f o r e ,  t h a t  th e  a t t e n u a t io n  o f  th e  h ig h
frequency  components in  th e  p u lse  due to  p a th  le n g th  e f f e c t s  i s
2 2a c o n t r ib u t in g  f a c t o r  in  th e  n o n - l i n e a r i t y  o f  th e  V^ + V^ v s .  cos 2r  
g raph .
IV C r i t i c a l  angle e f f e c t s
The u l t r a s o n i c  p u lse  was composed o f  many d i f f e r e n t  f re q u e n c ie s
and due to  d is p e r s io n  w ith in  th e  po lye thy lene  specimen each t r a v e l l e d
a t  a d i f f e r e n t  v e lo c i ty  ( 87*89) .  Consequently each had a p a r t i c u l a r
c r i t i c a l  angle and th e  h ig h e s t  f re q u e n c ie s  in  th e  p u lse  which
t r a v e l l e d  a t  th e  h ig h e s t  v e l o c i t i e s  achieved t h e i r  c r i t i c a l  angle
a t  low er ang les  o f  in c id e n c e .  T h is  r e s u l t e d  i n  a p ro p o r t io n  o f
th e  p u lse  not b e in g  d e te c te d  by th e  r e c e iv in g  t ra n sd u c e r  and exp la ined
th e  - s h i f t  i n  th e  frequency spec trum  to  lower f r e q u e n c ie s .  As
d esc r ib ed  below, a r e l a t i o n s h i p  was found between^/anisotropy and th e
2 2e x te n t  o f  th e  l i n e a r  p o r t io n  of th e  VT + V„ v s .  cos 2 r  g raph .ii o
The as-d raw n  specimens were l i n e a r  over th e  sm a lle s t  range o f  
cos 2r .  This r e s u l t  i s  c o n s is te n t  w ith  th e  n o n - l i n e a r i t y  be ing  
due to  c r i t i c a l  angle  e f f e c t s .
V D isp ers io n
As th e  angle o f  inc idence  approached th e  c r i t i c a l  an g le ,  th e  
p n lse  became d i s t o r t e d  as  su ccess iv e  h a l f - c y c l e s  a t  th e  t a i l  end o f  
th e  p u lse  were l o s t ,  as shown in  F igure  3.15* The t im e  d i f f e r e n c e  
At  between th e  de lay  tim e determined from th e  f i r s t  and second 
c ro sso v e rs  was noted and p lo t t e d  .as a  fu n c t io n  o f  i  in  F ig u re  3*18, 
f o r  an i s o t r o p i c  and. an a n is o t ro p ic  specimen. These graphs show 
t h a t  h igh  d e n s i ty  p o lye thy lene  i s  d i s p e r s iv e  over th e  frequency  
range to  4 KHz , as r e p o r te d  by o th e r  au th o rs  ( 87, 89) .
VI Specimen dimensions
Experiments were conducted to  determ ine i f  th e  specimen le n g th  Z
or th ic k n e s s  Y had any e f f e c t  on th e  n o n - l i n e a r i t y  o f  th e  
2 2V^ + Vg- vs* cos 2 r  graph* I t  was assumed t h a t ,  a f t e r  r e f r a c t i o n  
a t  th e  r e a r  face  (XZ) o f  the .spec im en , th e  pu lse  t r a v e l le d  a long a 
l i n e  p a r a l l e l  to  th e  l i n e  jo in in g  th e  two t r a n s d u c e r s ,  hu t d isp la c e d  
from i t .  I f  th e  specimen had been o f  i n s u f f i c i e n t  l e n g th  in  th e  
Z d i r e c t i o n  th en  th e  s i t u a t i o n  could have occurred  where a p o r t io n  
o f . th e  heam was r e f r a c t e d  from th e  XY face  and would not he d e te c te d  
hy th e  r e c e iv in g  t ra n s d u c e r .
i
T his  experim ent was p a r t i a l l y  achieved when specimens were 
t r a n s l a t e d  along th e  Z a x is  c r e a t in g  two arms o f  unequal l e n g th ,  
each o f  which was used f o r  measurement when i t  was r o ta t e d  to  + i and - i  
However, a more r ig o ro u s  exam ination on nom inally  s im i la r  specimens, 
th e  le n g th s  (z) of  which v a r ie d  from $6 mm to  100 mm, showed t h a t  
w i th in  experim ental e r r o r  th e r e  was no v a r i a t i o n  in  e l a s t i c  c o n s ta n ts  
o r  range o f  l i n e a r i t y  w ith  v a r i a t i o n  in  specimen l e n g th .
The e f f e c t  o f  specimen th ic k n e s s  on th e  e x ten t  o f  th e  l i n e a r  
range was examined hy o b ta in in g  v e lo c i ty  measurements from two 
specimens o f  drawn m a te r ia ls ,  one 2.64 mm (Y) and th e  o th e r  5*56 mm (Y) 
I t  was found t h a t  th e  range o f  cos 2 r  over which th e  p lo t  was l i n e a r  
was d i f f e r e n t ,  th e  t h in n e r  specimen having  a g r e a t e r  range of' 
l i n e a r i t y  th an  th e  t h i c k e r  specimen. This  d i f f e r e n c e  i n  th e  range 
o f  l i n e a r i t y  was o u ts id e  th e  experim enta l e r r o r .  T his  experiment 
showed th a t  th e  c r i t i c a l  angle e f f e c t s  were not th e  dominant f a c t o r  
in  th e  n o n - l in e a r i t y ,  as the  specimens were nom inally  s im i l a r  and 
hence would have th e  same c r i t i c a l  a n g le .  This  would r e s u l t  i n
th e  specimens b e in g  l i n e a r  over the  same range o f  cos 2 r .  At a
g iven  angle of inc idence  the  pa th  le n g th  in  the  two specimens w i l l
. 1
he i n  th e  r a t i o  o f  t h e i r  th ic k n e ss  and hence th e  p a th  leng'Hh o f  th e  
p u lse  in  the  th i c k e r  specimen i s  tw ice t h a t  of th e  t h i n n e r r| This  
r e s u l t  appears to  in d ic a te  t h a t  pa th  le n g th  e f f e c t s  a re  im p o r ta n t .
VII E f f e c t  o f  specimen araso tropy
A f te r  making e l a s t i c  co n s tan t measurements on a number o f
specimens o f  d i f f e r i n g  an iso tro p y ,  i t  became c l e a r  t h a t  th e r e  was a
d i r e c t  re la t io n sh ip *  between a n i s o t r o p y  -and th e  e x ten t  o f  th e  l i n e a r  
2 2p o r t io n  o f  th e  V^ 4 V^ vs*; cos 2 r  g raph . The e x te n t  o f  l i n e a r i t y
was l e a s t  f o r  th e  as-drawn specimens and inc reased  w ith  th e  r i s e  in
a n n ea lin g  tem p era tu re ,  i . e .  w ith  decrease  in  a n is o t ro p y c  For
example, a specimen o f  R igidex 2000 d r a m  a t  75° C produced a 
2 2VL 4 Vg v s .  cos 2 r  graph th a t  was l i n e a r  i n  th e  range cos 2 r  *. 0 .8  
to  cos 2 r  « 0 .6  and a t  cos 2r « 0 * 6 , .VT 2 4 V 2 = 9*43 x 10^(ms**"^)2eJj b
A specimen th a t  had been drawn and th en  annealed a t 129°C had a graph 
th a t  was l i n e a r  in  th e  range cos 2r = 0 .8  to  cos 2r = 0*2, and a t  
cos 2r- = 0, Y j^  +■ V^2 = 8.25x10^ (ms ^ ) 2 . A specimen o f  R ig id ex  9 
produced a graph l i n e a r  in  th e  range cos 2 r  = 0 .8  to  cos 2 r  = 0*7 
and a t  cos 2 r  = 0 .7 ,  V^  4 Vg2 . = 14*0 x 106 (ms*"1) 2 . T herefo re  
i t  i s  c l e a r  t h a t  th e  magnitude of th e  v e lo c i ty  i s  a s s o c ia te d  w ith  
th e  e x te n t  o f  th e  l i n e a r  r e g io n .
The an iso tro p y  in  the  YZ plane i s  e f f e c t i v e l y  i l l u s t r a t e d ’ 
by p l o t t i n g  th e  YZ s e c t io n  o f  th e  slowness shee t as in  F ig u re s  3*19 
and 3*20 fo r  th e  shear  and lo n g i tu d in a l  waves r e s p e c t iv e ly .  The 
slowness i s  defined  as the  r e c ip ro c a l  o f  th e  v e lo c i ty .
V III Beam displacem ent
In  o rder  to  compare th e  accuracy o f  th e  two immersion; methods 
o u t l in e d  in  S e c tio n s  3*5 and 3*6, the  u l t r a s o n ic  v e l o c i t i e s * o f  th e
same specimen were measured co n se c u tiv e ly  by simply removing th e
I
r e c e iv in g  t ra n sd u c e r  a f t e r  measurement by th e  two. t r a n s d u c e r  method,
and re p ly in g  i t  by th e  tu n g s te n  r e f l e c t o r .  The r e s u l t s  showed th a t  
2 2th e  V^ + Vg vs:r cos 2 r  graphs were l i n e a r  over d i f f e r e n t  ranges  o f  
cos 2 r  as shown in  F igure  3•21. . This r e s u l t  confirm s th e  e a r l i e r  
p r e d ic t io n s  t h a t  th e  n o n - l i n e a r i t y  was not e n t i r e l y  due to  c r i t i c a l  
angle e f f e c t s  (S e c t io n  3*7* IV .) ,- .n o r  to  p a th  ' l e n g t h  e f f e c t s  
(S e c t io n ’ 3*7* I I I )* ,  as in  th e  t ra n sd u c e r  w ith  r e f l e c t o r  method, 
th e  beam t r a v e r s e s  th e  specimen tw ice and hence th e  p a th  le n g th  i s
e f f e c t i v e l y  doubled. This r e s u l t  led  to  an i n v e s t ig a t i o n  o f  th e
e f f e c t  o f  beam d isp lacem en t.
At an angle  o f  r e f r a c t i o n  r* th e  beam i s  d isp la c e d  by D from
th e  l i n e  jo in in g  th e  two t r a n sd u c e r s ,  where
I  s  d ( t a n  r ' c o s  i  -  s in  i )  ( 3 *40)
The t ra n sd u c e r s  were 10 mm in  d iam eter and th e r e f o r e  i f  th e  
r e f r a c t e d  beams were d isp lace d  by more th a n  10 mm, no s ig n a l  would 
be d e te c te d  by th e  r e c e iv in g - t r a n s d u c e r .  I f  th e  d i f f e r e n t  frequency  
components o f  th e  pu lse  occupied d i f f e r e n t  s p a t i a l  p o s i t io n s  w i th in  
th e  r e f r a c te d  beam due to  d is p e r s io n ,  th en  c e r t a i n  frequency  components 
could be d isp la c e d  to  an e x te n t  t h a t  th ey  were unde tec ted  by th e  
r e c e iv in g  t ra n s d u c e r .  This would account f o r  th e  observed s h i f t  in  
th e  peak frequency w ith  in c re a se  in  th e  angle o f  inc id en ce  (Section- 3*7*Il).. 
In  th e  experim ental arrangement o f  th e  two t ra n sd u c e r  method, th e  .
•high frequency components o f  th e  pu lse  would be d isp la c e d  most.
• The a c tu a l  d isp lacem ent o f  the  ray  as a fu n c t io n  o f  th e  angle 
o f  r e f r a c t i o n  o f  th e  ra y ,  r ’ can be found from eq u a tio n s  ( 3j .24) an^
( 3 . 40) .  F igure  3*22 shows th e  d isplacem ent o f  th e  ra y  as (a fu n c t io n
. • ' '  ■ ! 
of; cos 2 r  f o r  f iv e  specimens o f  d i f f e r i n g  a n is o t r o p y .  F igure  3*23
i
i s  a s im i l a r  graph showing th e  displacem ent o f  th e  sh ea r  wave. I f  
th e  specimen th ic k n e s s e s  a re  norm alized, th en  th e  beam d isp lacem ent 
becomes a fu n c t io n  o f  a n iso tro p y  as i l l u s t r a t e d  in  F ig u re  3*24*
The va lue  o f  cos 2 r  a t  th e  p o in t  o f  d ivergence o f  th e
2 2t h e o r e t i c a l  and experim enta l + Vg v s .  cos 2 r  graphs i s  p lo t t e d
th u s  * on F ig u re  3*22. The va lue  o f  d a t  th e  p o in t  o f  
d ivergence  i s  independent o f  an iso tro p y  a t  3*5 (±0 . 3) mm. This 
confirm s th a t  beam displacem ent i s  th e  major f a c to r  in  th e  n o n - l in e a r
2 2 ‘behav iour o f  th e  VT + V- v s .  cos 2r g raph .Jj  b
F igure  3*25 i s  a p lo t  o f  th e  measured lo n g i tu d in a l  v e lo c i ty  
as a fu n c t io n  o f  d isp lacem ent f o r  an i s o t r o p i c  specimen.
E x t ra p o la t io n  o f  th e  two l i n e a r  p o r t io n s  o f  th e  graph g iv es  an 
i n t e r s e c t i o n  a t  a d isp la c e m e n t . o f  between 3 an<3 4 mm, confirm ing  
th e  e a r l i e r  r e s u l t .  -
F igu re  3.23 shows t h a t  th e  d isp lacem ent o f  the  sh ea r  wave 
changes s ig n  as th e  angle o f - r e f r a c t i o n  in c re a s e s  and th e  maximum 
disp lacem ent i s  about 4 ram f o r  a l l  the  specimens, i r r e s p e c t i v e  o f
a n iso t ro p y .  This  e x p la in s  why th e  t h e o r e t i c a l  and exper im en ts!
2 2 Vg v s .  cos 2 r  curves  agree r a th e r  b e t t e r  th an  the  V^ v s .  cos 2 r
cu rves :  see F ig u res  3.12 and 3*11.
The r e l a t io n s h ip  between beam disp lacem ent and a n iso tro p y ' i s  
shown in  F igure  3 .2 6 .  The d a ta  was ob ta ined  from measurements
made on Type D specimens u s in g  th e  c o n ta c t  probe method. The 
angle  o f  inc idence  was 45° an<5 ihe  specimen th ic k n e s s  5 nap.
The term  a n iso tro p y ,  An, i s  defined  as i
' ! •
i
An = C33 -  $  C22) ' (3 .4 1 )
The graph shows th a t  th e r e  i s  a l i n e a r  r e l a t i o n s h i p  between 
D and An. Also shown i s  th e  v a r i a t i o n  o f  IB with An where IB i s  
th e  angle  between th e  r a y  d i r e c t io n  and wave normal d i r e c t io n s  
defined  in  F igure  3*6.
F igure  3*27 shows th e  v a r i a t i o n  o f  B^ and Bg w ith  r  f o r  
specimens o f  d i f f e r e n t  a n isb tro p y  ob ta ined  from immersion method 
measurements*
The r e s u l t s  o f  th e  experim ents to  determ ine th e  e f f e c t  o f  beam 
d isp lacem ent on n o n - l i n e a r i t y ,  c l e a r l y  show t h a t  i t  i s  a major . 
c o n t r ib u to r  to  th e  observed n o n - l in e a r  b eh a v io u r*-
3 .8  Comparison o f  th e  tech n iq u es
3 ,8 .1 .  Comparison o f  th e  c r i t i c a l  angle method w ith  th e  c o n ta c t  
probe method
O btain ing  re p ro d u c ib le  r e s u l t s  u s in g  th e  c r i t i c a l  angle  method 
was v ery  d i f f i c u l t .  The r e s u l t s  ob ta ined  from t h i s  method were 
g e n e ra l ly  lower th an  th o se  ob ta ined  from th e  c o n ta c t  probe method 
and d i f f e r e d  from them by up to  20f°. C e r ta in  experim enta l 
d i f f i c u l t i e s  in c lu d in g  th e  i d e n t i f i c a t i o n  o f  th e  minima a s so c ia te d  
w ith  th e  c r i t i c a l  angle and th e  i n t e r a c t io n  o f  th e  in c id e n t  beam and 
su rfa c e  waves made t h i s  method u n a t t r a c t iv e  fo r  e l a s t i c  co n s ta n t  
d e te rm in a tio n .  A f u r th e r  major drawback i s  t h a t  only th e  e l a s t i c  
p r o p e r t i e s  o f  th e  surfa.ce l a y e r  i s  sampled. I t  has been c a lc u la te d
t h a t  a depth  (V^ 4- V^) /2 F  i s  analyzed (95) and hence f o r  high
l
d e n s i ty  po lye thy lene  u s in g  a 2*5 KHz t r a n sd u c e r ,  then  only \9,72 ram 
o f  th e  specimen i s  scanned*
As a r e s u l t  o f  th e se  c o n s id e ra t io n s ,  no r e s u l t s  ob ta ined  from 
t h i s  method are  p resen ted*  ..
3*8*2* Comparison o f  th e  immersion method with the  c o n ta c t  probe method
Specimens whose e l a s t i c  c o n s ta n ts  ^33’ ^44’ an^ ^23
been measured by th e  immersion method, were also, measured u s in g  th e  
c o n ta c t  probe method* This  involved c u t t i n g  a sm a lle r  specimen 
from the immersion specimen, but checks on specimen homogeneity 
showed t h a t  th e  r e s u l t s  would be comparable* The p e rcen tage  
d i f f e r e n c e  in  th e  e l a s t i c  c o n s ta n ts  i s  shown in  th e  form o f  a b a r  
c h a r t  in  F igure  3®28. In  g e n e ra l ,  the  e l a s t i c  const a n ts  determ ined 
by th e  c o n tac t  probe method are  a few p er  cen t g r e a te r  th a n  th o se  
determ ined u s in g  th e  immersion method*
A few experim ents were conducted to  attem pt to  d isc o v e r  th e  
reaso n s  f o r  t h i s  d isc rep an cy .  . •
I* Temperature e f f e c t s  * ■ ■
An obvious d i f f e re n c e  in  experim ental techn ique  between th e  
co n ta c t  probe and immersion methods i s  th e  la n k  o f  a c c u ra te  tem p era tu re  
c o n tro l  in  th e  formei*. V e lo c ity  measurements made u s in g  th e  c o n ta c t  
probes occurred on d i f f e r e n t  days and a t  d i f f e r e n t  te m p era tu re s  w i th in  
th e  room tem perature  range o f  19°Q to  22°C. No attem pt was made - 
to  c o n tro l  or compensate fo r  th e  e f f e c t s  o f  tem pera tu re  in  th e  c o n ta c t  
probe method. The r e p r o d u c ib i l i t y  measurements, however, in d ic a te d
th p t  c o n ta c t  probe measurements were r e p ro d u c ib i le  to  -  0*5/°*
(S e c t io n  3*4) which in d ic a te s  t h a t  tem pera tu re  changes in  ,the 
19° t o  22° C range probably  have l i t t i e  e f f e c t  on th e  u l t ra jso n ic
v e lo c i t i e s *  An experiment was performed to  d isco v e r  th e  tem pera tu re
!
c o e f f i c i e n t s  o f  th e  e l a s t i c  c o n s ta n ts  u s in g  th e  immersion method.
A specimen was measured a t  th e  normal measurement tem pera tu re  o f
20°C b efo re  th e  w ater  tem pera tu re  was r a i s e d  to  24*8°C, and th e
measurements repea ted*  The 4*8 deg*C r i s e  in  tem perature! l e d  to
a L 6 ^  decrease  in  had no e f f e c t  w ith in  experim ental e r r o r
on C ; a l*5f° d ecrease  in  C , ; and a 3*5f° in c re a se  in  C0<a
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A survey o f  th e  l i t e r a t u r e  rev ea led  t h a t  a t  l e a s t  th r e e  
au th o rs  had determ ined th e  tem pera tu re  c o e f f i c i e n t  o f  u l t r a s o n i c  
v e lo c i ty  f o r  polyethy lene*  T h e ir  r e s u l t s  a re  shown in  Table 3-4*
For bo th  lo n g i tu d in a l  and sh ea r  waves, th e  tem pera tu re  c o e f f i c i e n t  
i s  n e g a t iv e ,  which would suggest t h a t  th e  v a lu e s  of th e  v e l o c i t i e s  
measured by th e  c o n tac t  probes ought to  be about 2f> lower th an  
th o se  measured by th e  immersion method, as in  g enera l  room tem p era tu re  
was above 20°C.
In  co n c lu s io n , th e r e f o r e ,  i t  i s  u n l ik e ly  t h a t  th e  d isc rep an cy  
i s  caused by temperature e f fe c ts *
I I  F re ssu re  e f f e c t s *
Only.one o f  th e  m a te r ia ls  t e s t e d ,  A lkathene, was a t  a l l  rubbery  
in  n a tu re  and ca re  had to  be taken  to  measure a l l  th e  specimens ’a t  
the  same p ressu re*  -This was done by s ta n d a rd iz in g  th e  t i g h te n in g  
o f  th e  c o n ta c t  probes on to  the  specimen. With in c r e a s in g  p re s s u re  
th e  amplitude o f  th e  pu lse  in c reased  to  a maximum and th en  th e  t r a c e
moved to  s h o r te r  t im es on th e  tim e ax is  of th e  o s c i l lo s c o p e .
A ll tim e measurements were made, th e r e f o r e ,  when th e  pu lse  reached  ^
maximum am plitude . With A lkathene specimens, i t  was n o tic e d  t h a t  
th e  p a th  le n g th  o f  th e  specimen was about sm a lle r  immediately 
a f t e r  removing th e  specimen from the  probes than  i t s  i n i t i a l  v a lu e .  
Consequently th e  sm a lle r  p a th  le n g th  was used in  c a l c u l a t i o n s .  No 
v a r i a t i o n  in  th e  pu lse  shape could be d isce rn ed  when measuring 
the  o th e r  g rades  o f  p o ly e th y len e .  Reference to  th e  l i t e r a t u r e  
could f in d  only one paper d e a l in g  w ith  th e  e f f e c t  o f  p re s s u re  on 
u l t r a s o n ic  v e lo c i ty ,  determined on po lym ethylm ethacry la te  which: 
showed t h a t  th e  v e lo c i ty  in c reased  w ith  p r e s s u r e  ( 9 6 ) . No d a ta  
could be found f o r  th e  p re ssu re  dependence o f  p o ly e th y le n e .
I l l  Area o f  c o n ta c t
Specimens o f  melt p ressed  R igidex  2000 which were i s o t r o p i c
as judged from wide angle X-ray d i f f r a c t i o n  measurements were p repared
in  th e  form of  r e c ta n g u la r  b lo ck s  each w ith  th e  same th ic k n e s s  bu t
v a ry in g  in  c r o s s - s e c t io n a l  a r e a .  The lo n g i tu d in a l  v e lo c i ty  o f
th e  specimens was measured and th e  r e s u l t s  p lo t t e d  as a fu n c t io n
o f  c r o s s - s e c t io n a l  a re a  as shown in  F igu re  3*29* The a r e a  o f  th e
c o n ta c t  probe f a c e s  was 78 ram • Surface  waves were e x c i te d  when
th e  a re a  o f  c o n ta c t  o f  th e  specimen was sm a lle r  th an  th e  probe f a c e s .
These were damped out by p re s s in g  s t r i p s  o f  ru b b er  on to  th e  f r e e
s u r fa c e s  o f  th e  specimen w ith  tw eeze rs .  The r e s u l t s  show t h a t  f o r
2 2specimens w ith  c r o s s - s e c t io n a l  a reas  in  th e  range 100 mm to ' 400 mm 
th e  v e lo c i ty  d e c rease s  by about 1^ >. I f  th e  specimen a re a  i s  l e s s
2 i ith an  100 ram th e n  th e  v e lo c i ty  may be in  e r r o r  by about 1 ^ .  A ll
th e  specimens measured by th e  c o n tac t  probe method had c r o s s - s e c t i o n a l
2a reas  g r e a te r  th an  120 mm and hence a re a  o f  c o n ta c t  e f f e c t s  could not
be a t t r i b u t e d  to  th e  d isc rep an cy ,
IV d i f f r a c t i o n  e f f e c t s , j
According to  one au tho r  (97)? ih e  near f i e l d ,  where ftjresner 
d i f f r a c t i o n  dom inates, ex tends to  a d is ta n c e  o f  t  / X from th e  
t ra n s d u c e r ,  where t  i s  the  t ra n sd u c e r  ra d iu s  and X th e  wavelength 
o f  th e  u l t r a s o n ic  waves. T herefo re , in  th e  immersion method which 
used 10 mm d iam eter t ra n sd u c e rs  and r a d i a t i o n  o f  frequency 2,5 MHz« 
th e  n ear  f i e l d  ex tends  to  a d is ta n c e  o f  42 mm. Consequently th e  
specimen which was p laced  about 85 mm from th e  t ra n sd u c e r  was w ell 
o u ts id e  th e  F re sn e l  f ie ld *  In  the  c o n ta c t  probe method, however, 
th e  specimen to  t ra n sd u c e r  s e p a ra t io n  was in  most c a se s  l e s s  th an  
42 mm. McSkimmin ( 98) has shown e m p ir ic a l ly  t h a t  d i f f r a c t i o n  
e f f e c t s  can le a d  to  th e  measured v e lo c i ty  b e in g  too g r e a t .  Based 
on h i s  c a l c u la t io n ,  th e  c o n ta c t  probe r e s u l t s  could be 0 , 04f<> too  
g r e a t •
From th e se  c o n s id e ra t io n s ,  i t  appears  t h a t  d i f f r a c t i o n  e f f e c t s  
c o u ld 'e x p la in  th e  d i f f e r e n c e  in  the  r e s u l t s ,  bu t a r ig o ro u s  
experim ent, perhaps u s in g  b u f fe r  rods  to  extend th e  t r a n s d u c e r  to  
specimen s e p a ra t io n ,  would have to  be made b e fo re  d i f f r a c t i o n  e f f e c t s  
could  be d e f i n i t e l y  i d e n t i f i e d  as th e  p r in c ip a l  cause o f  th e  
d isc rep an cy ,
3 ,8 ,3*  Comparison o f  th e  two immersion .methods
A comparison o f  th e se  two methods was achieved when th e  u l t r a ­
son ic  v e lo c i ty  o f  a specimen was measured u s in g  i n i t i a l l y  th e  double 
t r a n sd u c e r  te c h n iq u e ,  followed by th e  t ra n sd u c e r  and r e f l e c t o r ,  method,
The specimen was not d is tu rb e d  du r ing  th e  changeover, a llow ing  a
meaningful comparison^ o f  r e s u l t s .  The r e s u l t s  o f  th e s e  two
2 2experim ents  a re  shown in  th e  form o f  a V^ + Vg v s .  cos 2 r  graph 
in  F ig u re  3•21. As p re v io u s ly  d iscu ssed  in  S ec tio n  3*7«2. VIII,  
th e  d i f f e r e n t  methods gave d i f f e r e n t  r e s u l t s .  The e f f e c t  on th e  
e l a s t i c  c o n s ta n ts  i s  t h a t  C ^  i s  0*6$ low er; i s  12$ low er;
^44 h ig h e r ;  and C ^  i s  8$ lower when measured w ith  two
tra n sd u c e r s  compared to  th e  s in g le  t r a n sd u c e r  and r e f l e c t o r .
Comparing th e  e l a s t i c  c o n s ta n ts  measured by th e  s in g le  t r a n sd u c e r  
and r e f l e c t o r  w ith  th o se  measured u s in g  th e  c o n ta c t  probes on a 
specimen o f  s im i la r  p r e p a ra t io n ,  th en  i s  1 .3$  g r e a t e r ;  C ^  i s  
0 .5 $  g r e a t e r ;  i s  8$ g r e a t e r  and i s  13$ lower when measured 
by th e  c o n tac t  probes compared to  th e  s in g le  t r a n s d u c e r  and r e f l e c t o r  
method. The d is c re p a n c ie s  i n  the  v a lu e s  o f  and a re  w i th in
4" 4 * # 3th e  es tim a ted  e r r o r s  o f  -  1 .5 $  and 3$ r e s p e c t iv e ly .  The e s tim a te d
4 * J  4~e r r o r  in  i s  -  5/° and i n  i s  -  12$. C onsidering  t h a t  th e  
e l a s t i c  c o n s ta n ts  were determ ined on d i f f e r e n t  specimens, th e y  agree 
v e ry  w e l l .
3*9« Conclusions
Of th e  fo u r  methods desc rib ed  above to  measure th e  v e lo c i ty  
o f  u l t r a s o n ic  waves in  a n is o t ro p ic  p o ly e th y len e ,  only two can be 
recommended to  g ive  acc u ra te  and re p ro d u c ib le  r e s u l t s .  These a re  th e  
c o n ta c t  probe method and th e  immersion techn ique  u s in g  one t r a n s d u c e r  
and a r e f l e c t o r .
Of th e se  two methods, th e  c o n ta c t  probe techn ique  i s  s im p le r ,  
cheaper and produces r e s u l t s  more r a p id ly .  P ro v id in g  t h a t  specimens 
may be cu t to  expose d i f f e r e n t  p lanes  th en  a l l  n ine  e la -s t ic  c o n s ta n ts
r e q u ire d  to  d e f in e  th e  e l a s t i c  behaviour o f  an o r tho rhom bica lly  
symmetric system, can be measured. With some simple m odiffications 
to  th e  c o n ta c t  p robes, a  p re s s u re  gauge could be in c o rp o ra te d  to  
ensure re p ro d u c ib le  c o n tac t  p r e s s u re s .  Also i f  a co n s ta n t  It
tem pera tu re  enc lo su re  were used , th en  th e  e f f e c t  o f  tem pera tu re  
changes could be e l im in a te d .
To measure a l l  n ine  e l a s t i c  c o n s ta n ts  by th e  immersion techn ique  
r e q u i r e s  a cubic  specimen o f  s id e  60 mm. This would enable  th r e e  
specimens approxim ate ly  5 mm x 10 mm x 60 mm to  be cu t  w ith  th e  
60 mm d i r e c t io n  p a r a l l e l  to  th e  X, Y and Z axes .  T h is  tech n iq u e  
p ro v id es  an a c c u ra te  tem pera tu re  c o n t ro l  and does no t invo lve  e x e r t in g  
any p re s su re  on th e  specimen du ring  measurement. Also w ith  s u f f i c i e n t  
ca re  i n  th e  des ign  o f  th e  ap p a ra tu s ,  th e  e f f e c t  o f  d i f f r a c t i o n  may 
be e l im in a te d .  A c o n s id e ra b le  amount o f  c a lc u la t io n  i s  n ecessa ry  
to  determ ine th e  e l a s t i c  c o n s ta n ts  f r o m  th e  measured p a ra m e te rs ,  and 
t h i s  in v o lv es  b o th  i n t e r p o l a t io n  and e x t r a p o la t io n ,  bo th  o f  
which can in tro d u ce  e r r o r s .
In  co nc lus ion  th e r e f o r e ,  th e  c o n ta c t  probe tech n iq u e  i s  
p robably  th e  most u s e fu l  o f  th e  methods and w ith  some sim ple modi­
f i c a t io n s -  could provide a c c u ra te  and r e l i a b l e  r e s u l t s .
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Transducer
F ig u re  3*1 Schem atic  d iagram  o f  th e  c r i t i c a l  
a n g le  method.
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F ig u re  3*2 Schem atic  d iagram  o f  th e  c o n ta c t  p r o b e s .
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F ig u re  3-3D
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F ig u re  3 .3  D e f i n i t i o n  of- Type A, B, C and D b lo c k s .
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F irst Crossover
Second Crossover
F ig u re  3**f " O s c i l lo s c o p e  t r a c e  o f  an u l t r a s o n i c  
p u ls e  showing t h e - f i r s t  and second 
c r o s s o v e r s .
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? 2.F igure  3*5 Schem atic  g raph  o f  + v v s .  cos  2 r■h S
f o r  Type D spec im ens: p ro p a g a t io n  i n  
th e  YZ p la n e .
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Ray 
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F ig u re  3*6 D e f i n i t i o n  o f  th e  r a y  and wave norm als  
d i r e c t i o n s .
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F ig u re  3*7 D e f i n i t i o n  o f  th e  a n g le s  o f  i n c id e n c e  i ,  
and r e f r a c t i o n  r .
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2F ig u re  3*8 Graph o f  vs* cos 2r  o b ta in e d  from a 
specimen o f  R ig id ex  2000 drawn a t  75 C 
-and a n n e a le d  a t  125 C*.
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2F ig u re  3*9 Graph o f  V„" v s .  cos  2 r  from a  specim en 
o f  R ig id e x  2000 drawn a t  79 C and 
a n n ea led  a t  123 C*
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F ig u re  3*10 Graph o f  V^  v s .  cos  2 r  from a
specimen o f  R ig id ex  2000 drawn a t  ?3 C 
and a n n e a le d  a t  123 C*
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F ig u re  3*11 E x p e r im e n ta l  and t h e o r e t i c a l  g ra p h s  o f  
2
v s * CQS 2 r  from a  specimen o f  R ig id e x  
2000 drawn a t  75 C and a n n e a le d  a t  123 C.
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T i g u r e  3+12 E x p e r im e n ta l  and t h e o r e t i c a l  g ra p h s  o f
2Vg v s .  cos 2 r  from a  spec im en .,o f R ig id e x  
2000 drawn a t  75 C and a n n e a le d  a t  125 G.
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F ig u re  3*13 E x p e r im en ta l  and t h e o r e t i c a l  g rap h s  o f  
2 2
. V l  +  V-g • V S .  cos 2r  from a  specim en o f  
R ig id ex  2000 drawn a t  .75 C and a n n e a le d
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F ig u re  3*1^ ' Schem atic  d iagram  showing th e
e x p e r im e n ta l  a rrangem en t o f  th e  
im m ersion method u s in g  one t r a n s  
d u eer  and a  r e f l e c t o r .
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F ig u re  3*15 T ra c in g s  o f  th e  p u ls e  sh ap es  and f re q u e n c y
s p e c t r a  o f  l o n g i t u d i n a l  and s h e a r  waves 
a s  a  f u n c t io n  o f  a n g le  o f  i n c i d e n c e .
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F ig u re  3*16 Change i n  l o n g i t u d i n a l  and s h e a r  v e l o c i t i e s  
w ith  p a th  l e n g th  m easured  w ith  th e  c o n t a c t  
p ro b e s .  Specim ens:R ±gidex  2000 drawn a t  73 C 
and a n n e a le d  a t  125 C„
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Change i n  s h e a r  v e l o c i t y  w ith  p a th  l e n g t h  
measured by th e  im m ersion method on 
i s o t r o p i c  specim ens o f  R ig id e x  2000.
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F ig u re  3*18 . The tim e d i f f e r e n c e  At between th e  f i r s t  and 
second c ro s s o v e r s  a s  a f u n c t io n  o f  th e  a n g le  
o f  in c id e n c e  i .  Specim ens: R ig id e x  2000 
i s o t r o p i c % and drawn 73 C and a n n e a le d  95 C.
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F ig u re  3*19 A s e c t i o n  o f  th e  s low ness  s h e e t  i n  th e  
YZ p la n e  f o r  th e  s h e a r  v/ave. Specim ens: 
R ig id e x  2000 dravm a t  75 C, and drawn a t  
73 C and a n n e a le d  a t  129 C.
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F ig u re  3«20 A s e c t i o n  o f  th e  s lov/ness s h e e t  i n  th e  
YZ p la n e  f o r  th e  l o n g i t u d i n a l  wave.. 
Specim ens: R ig id e x  2000 drawn a t  75 C., 
and drawn a t  75 C and a n n e a le d  a t  129 C
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F ig u re  3*22 The d isp la c e m e n t  D o f  th e  l o n g i t u d i n a l  r a y  
v s .  tfos 2 r  fo r  specim ens o f  R ig id e x  2000 
drawn a t  75 C and a n n ea led  a t  th e  te m p e ra tu re s  
i n d i c a t e d .
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F ig u re  3*23 The d isp la c e m e n t  o f  th e  s h e a r  r a y  v s .  cos  2 r  
f o r  specim ens o f  R ig id e x  2000 drawn a t  75 C 
and a n n e a le d  a t  th e  t e m p e ra tu re s  i n d i c a t e d .
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F ig u re  3*24 The d isp la c e m e n t  D o f  th e  l o n g i t u d i n a l  r a y  v s .
cos  2 r  f o r  specim ens o f  R ig id ex  2000 drawn a t  
73 C and a n n e a le d  a t  th e  te m p e ra tu re s  i n d i c a t e d .  
The specimen th i c k n e s s e s  have been n o rm a li s e d  
to  3 mm*
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L o n g i tu d in a l  v e l o c i t y ; a s  a 
f u n c t io n  o f  r a y  d isp la c e m e n t  
f o r  i s o t r o p i c  R ig id e x  2000.
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F ig u re  3»26 Ray d isp la c e m e n ts  DT t Dc and th e
a n g l e s f o r  th e  l o n g i t u d i n a l  
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F ig u re  3*27 The an g le  between th e  r a y  and v/ave norm al 
d i r e c t i o n s  fo r  th e  s h e a r  and l o n g i t u d i n a l  
waves a s  a f u n c t io n  o f  th e  a n g le  o f  
r e f r a c t i o n .  Data o b ta in e d  by th e  im m ersion  
method on specim ens o f  R ig id e x  2000 drawn 
a t  73 C and a n n e a le d  a s  i n d i c a t e d .
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F ig u re  3 .2 8  The p e rc e n ta g e  d i f f e r e n c e  i n  th e  e l a s t i c  c o n s ta n t s  
m easured by th e  im m ersion and c o n ta c t  p robe  methods 
A p o s i t i v e  p e rc e n ta g e  i n d i c a t e s  t h a t  th e  probe 
v a lu e  i s  g r e a t e r  th an  th e  im m ersion v a lu e .
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F ig u re  3*29 L o n g i tu d in a l  v e l o c i t y  a s  a f u n c t io n  o f  specim en 
c r o s s - s e c t i o n a l  a r e a  measured by th e  c o n ta c t  
p robe  te c h n iq u e  on i s o t r o p i c  specim ens o f  R ig id e x  
2000.
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Table 3*1*
L o n g itu d in a l  v e l o c i t i e s  V , and measured on d i f f e r e n t  occasion  
on specimen K,l® 5 R igidex 2000 drawn a t  75 C an& annealed a t  105 0 ,
U nits  ms ^
v x 2548 2552 ■ 2549 2559
2548 2553 . 2541 2563
V . 2536 2539 2533 . 2543 2541
2532 2533 2555 2536 2542
V 3600 3584 ; 3589 3604 3618
3591 3595 3597 3598 3615
2558
2558
~ yu -
Table '3 -2 .
Mean v a lu e s  (m) ,  s tandard  d e v ia t io n s  (d) and number o f  measurements (n)
o f  lo n g i tu d in a l  and shear v e l o c i t i e s  of  specimens K . l ,  K.2, 
L .2 , L .3 and L.4
U nits  ms-1
K.3, K,4, L . l ,
j V V V v. V VX y 2 xy xz yz
K .l M 2553 2539 3599 1121 IO64 1064
d 6.6 7.4 9.7 2 .9 3.4 3.6
n 10 10 10 4 5 5
K.2 M 2558 2548 ' 3570 1113 1059 1053
n 3 3 3 1 • 2 2
K.3 M ■ 2554 2524 3581 1129 1065 1065
n 2 2 2 1 2 2
K.4 M 2566 2520 3563 1107 1058 1050
n 2 2 . 2 1 .2 2
L . l M 2560 2546 . 3599 1121 1060 1061
n 3 3 3 4 4 4
L.2 - M 2535 2551 3600 1116 IO58 ’ 1065
n 3 3. • 2 2 2 2
L.3 M 2555 2519 3598 1121 1061 1066
n 2 2 2 2 2 2
L.4 M • 2555 .2533 3582 1121 1063 1061
n 2 2 2 2 2 2-
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Table 3>3>
L i t e r a t u r e  v a lu es  o f  th e  lo n g i tu d in a l  and shear  v e l o c i t i e s  |of v a r io u s  
grades, o f  i s o t r o p ic  p o ly e th y le n e .  !
V e lo c ity  D ensity  Frequency Temp. Reference
(ms*”1 ) (kgnf1) (MHj (°C)
L o ng itud ina l  v e l o c i t i e s  '
« > ■ •
1990 916 . 4 .33  25 87
2056 916 2 .5  19-22 *
2266 920 0 .5  0 90
2559 950 0 .5  0 '  90
2476 959 2 .5  19-22 *
2540 964 3.0 25 87
2543 966 2 .5  g 19-22 *
Shear v e l o c i t i e s
534 922 1 .0  25 89
1033 ■ 959 2 .5  19-22 *
1088 966 2 .5  19-22 *
1104 967 1 .0  25 89
1130 967 ‘ 3 .0  25 89
* r e s u l t s  measured du r ing  t h i s  s tu d y .
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Table 3 .4
L i t e r a t u r e  v a lu e s  o f  th e  tem pera tu re  c o e f f i c i e n t  of u l t r a s o n i c  wave 
v e lo c i ty  f o r  lo n g i tu d in a l  (Ot ) and shear  (Og) waves in  th e  ^em perature 
i n t e r v a l  AT in  i s o t r o p ic  p o ly e th y len e .
D ensity  AT Frequency
( k g n f 3) (deg C) V ( ® z )
*
914 20-30 2
916 20-30 3
922 .25-30 1
956 20-30 2
964 20-30 3
967 20-30 1
967 20-30 2
- 1 - 1  -1 -1ms degC ) (ms degC ) Reference
-7  99
-7  87
- 0 .8  . 89
-6  -9  99
-8  87
"  -7  89
-7  . 8 9
CHAPTER 4 
C h a r a c te r i s a t io n  o f  Specimens
ii.. - ■ -  - r i -  ~ - h i t ......... ........  ~r ------ ^ ------- . --------------------------
4*1* In tro d u c t io n
The ann ea lin g  o f  a specimen o f  drawn p o lye thy lene  a t  tem p era tu res
b e lo w . i t s  m elt ing  p o in t  produces s ig n i f i c a n t  changes in  i t s  m ic ro s t ru c tu re
and i n  i t s  macroscopic dim ensions, e .g .  ( l9 ~ 2 l) .  By a n n e a l in g -a  s e r i e s
o f  s im i la r  specimens over a range o f  te m p era tu re s ,  th e s e  changes can he
m onitored . The e f f e c t  o f  annea ling  on d i f f e r e n t  g rades  o f  h igh  d e n s i ty
p o ly e th y len e  and on d i f f e r e n t  i n i t i a l  tex tu res ..w as  s tu d ie d  in  t h i s
✓
manner. The r e s u l t s  o f  th e se  experim ents a re  p re sen ted  i n  s e p a ra te  
s e c t io n s  c l a s s i f i e d  under , th e  o rig inal--draw ing  tem p era tu re ,  as  in  
most ca ses  th e  annea lin g  behav iour was q u i te  d i f f e r e n t .
Wide angle X-ray d i f f r a c t i o n  p a t t e r n s  ta k e n  w ith  th e  in c id e n t  
beam p a r a l l e l  to  X a r e  la b e l le d  X and s im i l a r ly  f o r  Y and Z. Low angle 
p a t t e r n s  a re  l a b e l l e d  in  a co rresponding  manner u s in g  low er case  l e t t e r s .  
Wide and low angle p a t t e r n s  l a b e l l e d  X, Y o r  x were o b ta in ed  w ith  Z 
v e r t i c a l  and those, l a b e l l e d  Z were recorded  w ith  Y v e r t i c a l .
4•2• Annealing o f  specimens drawn a t  room tem pera tu re
4 .2 .1 .  R ig idex  2000 drawn and r o l l e d  a t  20°C.
P laques  10 mm th i c k  were prepared  as d esc rib ed  in  S e c t io n  2 .2 .1  
and w e re mdrawn and subsequently  r o l l e d  a t  room te m p e ra tu re .  Drawing 
l a r g e ly  d e s tro y s  th e  s p h e r u l i t i c  s t r u c tu r e  formed du ring  c r y s t a l l i z a t i o n  
from th e  melt and produces a f i b r e  t e x tu r e  w ith  th e  c_ a x is  a l ig n e d  
p a r a l l e l  to  Z, th e  draw d i r e c t i o n .  The a- and _b axes a re  spread randomly 
in  th e  XY p la n e .  R o ll in g  p a r a l l e l  to  th e  draw d i r e c t io n  w ith  X i n  
th e  p lane of r o l l i n g  produces a double o r i e n ta t i o n  o f  j l i o }  p la n e s .
Prom F igu re  4*1 Z i t  i s  apparen t t h a t  one s e t  o f  ( l lO )  p lan es  i s  
p a r a l l e l  to  th e  r o l l i n g  p lane  and the. o th e r  two s e t s  a re  in c l in e d  
a t  equal ang les  to  I ,  The assymraetry in  th e  i n t e n s i t y  o f I th e  (n o )  
a rc s  i s  a consequence o f  misalignment o f  th e  Z a x is  w ith  the . in c id e n t  
X-ray beam du rin g  th e  exposure* As observed by o th e r  a u th o rs ,  e . g .
(19) t h e r e  i s  evidence o f  r e f l e c t i o n s  from the  m onoclinic phase which 
i s  produced du ring  r o l l i n g .  The monoclinic phase d isa p p e a rs  a f t e r  
a n n e a l in g .  The low angle p a t t e r n  4*1 shows a d i f f u s e  fo u r  p o in t  
p a t t e r n  i n d ic a t in g  a p e r io d ic  s t r u c tu r e  in c l in e d  to  Z. F ig u re s  4*2- 
to  4 . 4 . a re  d i f f r a c t i o n  p a t t e r n s  o f  specimens annealed a t  te m p e ra tu re s  
between 110°C and 131*7°^ in d ic a te d .  Throughout th e  s e r i e s  th e
(020) r e f l e c t i o n  i s  e i t h e r  n o n -e x is te n t  o r  v ery  weak on X p a t t e r n s  
but i s  p re se n t  on Y p a t t e r n s ;  wherea,s th e  (200) r e f l e c t i o n s  a re  
s t ro n g ly  p re se n t  on X p a t t e r n s  and are  weak on Y p a t t e r n s .  T h is  
im p lie s  t h a t  th e  b a x is  i s  m aintained p a r a l l e l  to  th e  X a x i s .  The 
d ecrease  in  i n t e n s i t y  and. angu la r  spread o f  the  e q u a to r i a l  ( 200) a rc s  
w ith  r e s p e c t  t o . t h e  ( l lO )  a rc s  in  p a t t e r n s  4*2.Y to  4*4«Y? to g e th e r  
w ith  th e  i n t e n s i f i c a t i o n  o f  the  (200) a r c s  in  th e  Y d i r e c t i o n  in  
p a t t e r n s  4*2 .Z to  4 . 4 .Z, i n d ic a te s  th e  g rad u a l rea lignm en t o f  th e
c; axes from a c i r c u l a r l y  symmetric c o n e - l ik e  d i s t r i b u t i o n  about Z 
to  a f a n - l i k e  d i s t r i b u t i o n  in  th e  YZ p la n e .  This i s  a s s o c ia te d  w ith
a r o t a t i o n  o f  th e  jc axes w ith in  th e  YZ plane  as  d esc r ib ed  below.
~\ '
F ig u re s  4 . 2 .Z to  4*4*Z show th e  g radua l fad in g  o f  th e  a rc s  
from th e  {lio} p lan es  p a r a l l e l  to  th e  r o l l i n g  p lane and th e  
s im ultaneous enhancement o f  th e  {no} p lan es  in c l in e d  a t  about 
60° to  Y. This  i s  in t e r p r e t e d  as a  r o t a t i o n  o f  th e  a  and b. axes 
about Z to  b r in g  a p a r a l l e l  to  Y and b p a r a l l e l  to  X. The
i n c l i n a t i o n  o f  th e  Jlioj p lan es  a t  about 60° t o Y , confirm s t h i s  
i n t e r p r e t a t i o n .  The i n t e n s i t y  d i s t r i b u t i o n  o f  th e  (200) ijing in  
F igu re  4»1*Z changes g ra d u a l ly  u n t i l ,  i n  F igu re  4*3*Z, th e  ^ re f le c t io n s  
a re  c o n cen tra ted  in to  f a i r l y  sharp  a rc s  i n  th e  Y direction,.!.
F ig u re s  4*2. to  4*4 X. show th e  (200) and ( l lO )  a rc s  sp read in g  
around th e  c ircum ference o f  th e  d i f f r a c t i o n  r in g s  and th e  s p l i t t i n g  
o f  th e  (200) a rc  in to  two d i s t i n c t  a rc s  in  F igure  4*3*X. The angle  
o f  s e p a ra t io n  o f  th e  two ( 200) a rc s  in c re a se s  to  a maximum o f  about 
14°• Subsequently  th ey  each spread to  form one extended a rc  as 
seen i n  F igu re  4*4*X. These p a t t e r n s  in d ic a te  t h a t  th e  a. a x is  and 
hence th e  _c a x is  r o t a t e  about b , which is \m a in ta in e d  p a r a l l e l  to  X. 
M icrodensitoraeter t r a c e s  o f  F ig u res  4*2.X to  4-4.X a re  shown in  
F igu re  4*5* The t r a c e s  were ob ta ined  by scanning around th e  ( 200) 
d i f f r a c t i o n  r ing*  The v a r i a t i o n  o f  © , th e  angle between £  and Z, 
w ith  ann ea lin g  tem pera tu re  i s  shown i n  F ig u re  4*6* The ang le  © . was 
c a lc u la te d  from eq u a tio n  ( 4 *1 «)
co s  © = cos a cos B ( 4 *1 *)
where a  i s  th e  angle  between th e  (200) a rc  and Z and B i s  th e  
Bragg angle  f o r  th e  (200) plane*
The low angle  X-ray d i f f r a c t i o n  p a t t e r n s  o f  th e s e  specimens 
a re  shown in  F ig u re s  4*2*x to  4*4*x* The ‘fo u r-p o in t*  p a t t e r n  in  
F ig u re  4»2 .x .  i s  in t e r p r e t e d  as r e s u l t i n g  from two s ta c k s  o f  la m a lla e  
in c l in e d  , a t  equal ang les  to  Z. As., th e  annea ling  tem p era tu re  i s  
in c re a se d ,  th e  p a t t e r n s  become l e s s  d i f f u s e  and th e  fo u r  lo b e s  converge . 
The v a r i a t i o n  o f  0-9 th e  angle between th e  l a m e l la r  normal, n^ , and Z 
w ith  an n ea lin g  tem p era tu re ,  i s  shown in  F igu re  4*7. F ig u re  4 .8
i s  a schem atic diagram o f  a ’f o u r - p o i n t 1 low angle d i f f r a c t i o n  p a t t e r n ,  
showing how th e  q u a n t i t i e s  0 ,  d, and d^ are  de term ined . f ig u r e  4 .4 * x .
shows t h a t  th e  ' fo u r -p o in t*  p a t t e r n  has converged to  a 'twdj—point*
■ ■ i
p a t t e r n ,  in d ic a t in g  t h a t  th e  1 aroellar normal i s  p a r a l l e l  wijth Z.
The r e p e a t  d is ta n c e  o f  th e  d i f f r a c t in g -e le m e n ts  d,,and i t s  p r o je c t io n
on Z, d^, a re  shown a,s a fu n c t io n  of ann ea lin g  tem pera tu re  i n  F ig u re
4»9*
On annealing., th e  specimens .c o n tra c t  along th e  draw d i r e c t i o n  Z, 
th ic k e n  in  th e  Y d i r e c t io n ,  and remain approxim ate ly  c o n s ta n t  in  
th e  X d i r e c t io n  f o r  annea lin g  tem p era tu res  below 131°C. The r a t i o s  
o f  th e  macroscopic dimensions X, Y and Z a f t e r  an n ea lin g  to  t h e i r  
o r ig in a l  dimensions Xq, Yo and Zq a re  shown in  F igure  4*10* The . 
v a r ia t io n ^  in  d e n s i ty  w ith  annea ling  i s  shown in  F igu re  4*11*
The e f f e c t  o f  th e  d u ra t io n  o f  ann ea lin g  was s tu d ie d  and some 
macroscopic and m icroscopic  dim ensional changes are  shown in  Table 4*1* 
Some specimens were annealed tw ice  w ith th e  tem pera tu re  o f  th e  second 
anneal e i t h e r  above o r  below t h a t  o f  th e  f i r s t .  The in f lu e n c e  o f  
th e  second annea lin g  t re a tm e n t  on .the macroscopic and m icroscopic  
dimensions i s  shown i n  Table 4»2«
Traces o f  th e  m elting  endotherms ob ta ined  by d i f f e r e n t i a l  scanning  
c a lo r im e try  (DSG) o f  specimens a f t e r  v a r io u s  t re a tm e n ts  a re  shown 
in  F igure  4*12. The annealing  tem pera tu re  o f  th e  specimen i s  shown 
a t  th e  fo o t  o f  each endotherra. The t r a c e  o f  th e  specimen annealed  
a t  130°C j u s t  shows a  second peak appearing  a t  a lower te m p e ra tu re .
This low tem pera tu re  peak grows a t  th e  expense o f  th e  h igh tem p era tu re  
peak u n t i l  i t  e v e n tu a l ly  becomes th e  dominant peak a t  Ta > 131°C«
The tem pera tu re  a t  th e  onset of  m elting  o f  the  low tem p era tu re  (LT) 
endotberm 'and th e  h igh  tem pera tu re  (HT) endotherm are  shewn an a
i
fu n c t io n  o f  the  annea ling  tem pera tu re  Ta in  Table 4*3* Aljso shown
'. ' 1 ! 
a re  th e  v a lu e s  o f  th e  fo ld  le n g th s  of th e  c r y s t a l l i t e s ,  L, (ca lcu la ted
f o r  th e  LT and HT peaks from th e  Hoffman and L a u ri tzen  r e l a t i o n s h i p ,
E qua tion  (4*2 .)
 ^ - ’*C -Jir)
where Tt = m elting  tem pera tu re  o f  c r y s t a l l i t e s  o f  f o ld  le n g th  L1j
T* ~ e q u il ib r iu m  m elting  tem p era tu re ,  
cr s  su rface  energy o f  th e  c r y s t a l s  
AH -  en th a lp y  o f  fu s io n
The va lue  o f  AH i s  found from eq u a tio n  (4 .3*)
AH = 54*6 + 0.1716 Tl  -  6.36 x 10~4 ^  (4*3)
where Tt i s  in  deg C and AH in  c a l .  gm (100)
Jj
The v a lu e  o f  T* .was tak en  as 413°K ( lO l ) .
Values o f  cr r e p o r te d  in  th e  l i t e r a t u r e  vary  from 30 to  l ’50 
-*2ergs  era** (1 0 2 ) .  A number o f  au th o rs  r e p o r t  v a lu e s  o f  <r a t
—2 "-2 ~2 around 60 e rg s  cm*”" § 60 e rgs  cm ( 103? 104)$ 57 e rg s  cm ( 105) ;
—2 '  -2  58 e rg s  cm*” (102) • A va lue  o f  60 e rg s  cm was th e r e f o r e  used
in  th e  c a lc u l a t i o n  o f  L.
In  Table 4*3* th e  va lue  o f  L determ ined from eq u a t io n  (4*2)
i s  shown to g e th e r  w ith  th e  va lue  o f  d’, th e  long  spac ing , c a lc u la te d
u s in g  the  Bragg equa tion , from low angle X-ray d i f f r a c t i o n  measurement 
The d i f f e re n c e  between these , two q u a n t i t i e s  d. — L i s  an in d i c a t io n
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of th e  th ic k n e s s  o f  th e  amorphous m a te r ia l  in  each la m e l la .
4*2 .2 . R igidex 2 drawn and r o l le d  a t , 20°C
Dumhells 10 mm th ic k  were prepared and were then  drawn and r o l l e d  
a t  room tem p era tu re .  ¥ ide  and low angle X—ray  d i f f r a c t i o n •p a t t e r n s  
o f  R ig idex  2 annealed a t  a range o f  tem pera tu res  a re  shown in  F ig u res  
4*13 and 4*14*
I t  is ' im m e d ia te ly  apparent from Figure 4*13Y t h a t  th e r e  i s  no 
p r e fe r r e d  o r i e n ta t i o n  o f  th e  a and b axes in  th e  XY p la n e ,  as th e  
( llO ) and (200) d i f f r a c t i o n  r in g s  have u n i fo r m . in te n s i ty .  The (200)
r e f l e c t i o n s  are  observab le  in  F ig u res  4«13X and 4*13Y i n d i c a t in g  
ap p re c ia b le  spread o f  th e  b. axes about Z. In  f ig u re  4.14Y, the  
r e l a t i v e  i n t e n s i t y  o f  the  (200) a rc s  to  th e  ( llO )  a rc s  has in c reased  
and in  f ig u re  4*14X the  r e l a t i v e  i n t e n s i t y  has decreased , which su g g es ts
the/fc th e  b> axes are  now o r ie n te d  more c lo s e ly  p a r a l l e l  to  X. T his  i n t e r ­
p r e t a t io n  i s  confirmed by th e  g re a t  r e d u c t io n  of th e  (200) a rc  i n t e n s i t y  
in  F ig u re  4*14Y compared w ith  F igure  4*14X. F igure  4*14Z shows 
p r e f e r e n t i a l  o r i e n ta t i o n  o f  th e  (200) a rc s  in  th e  Y d i r e c t i o n .
The c_ axes are  o r ie n te d  para-11 e l  to  Z a f t e r  drawing and d u r in g
\
annea ling  they  r o t a t e  about X% t h i s  i s  in d ic a te d  by th e  sm all s p l i t
in  the  (200) r e f l e c t i o n s  in  F igu re  4414X. The (200) a rc s  show a
maximum s p l i t  o f  9° and th en  each arc  sp reads  around th e  c ircum ference
in  a s im i la r  manner to  the  R ig idex  2000 b eh av io u r .  A graph o f  0 v e rsu s
T i s  shown in  F igure  4*15* a
The low angle d i f f r a c t i o n  p a t te r n s  show la y e r -1 in e s  conn ec tin g
the  lo b es  sug g es tin g  an angu lar  range of la m e l la r  norm als . The angle
0  remains v i r t u a l l y  cons tan t throughout th e  annea ling  s e r i e s  up to
T as 133°C? as shown in  F igure 4*16. a ■ •
The la m e lla e  th ic k e n  p ro g re s s iv e ly  through the  ann ea lin g  s e r ie s ?  
F igu re  4*17* The change in  specimen .d en s i ty  during  an n ea lin g  i s  shown 
in  F igure  4*11 and th e  macroscopic dim ensional changes are  p lo t te d  
in  F igu re  4*18. >
The endotherms produced by DSC showed th e  same p a t t e r n  o f  
behaviour as the  R igidex 2000 s e r i e s  in  F igu re  4*12* I n i t i a l l y  
th e r e  i s  only a  s in g le  endotherm p re se n t ;  a f t e r  an n ea l in g  a t  Ta  = 130 .5°C 
a small endotherm appears on th e  low tem pera tu re  s id e  o f  th e  main 
endotherm. The low tem pera tu re  peak: in c re a se s  in  s iz e  a f t e r  
annea lin g  a t ; s u c c e ss iv e ly  h ig h e r  tem p era tu res  and i t  e v e n tu a l ly  
becomes th e  dominant peak a t  Ta '= 133*0°C. The tem p era tu re s  o f  th e  
m e ltin g  peaks are  shown in  Table 4*3*
4*3* Annealing o f  specimens d r a m  at e le v a te d  tem p era tu res  
4*3*1* Rigidex 2000 drawn a t  75°C
Plaques 20 ram th ic k  which had been compression moulded by 
B.P.Chemicals I n te r n a t io n a l  L td .  a t  Barry , Glamorgan, were c u t  in to  
dumbells u s in g  a m i l l in g  machine. The dumbells were drawn in  a 
tensom eter  a t  75°C and specimens from the  drawn s t r i p  were annealed 
a t  v a r io u s  tem pera tu res  between 85°C and .135°C* Low and wide angle  
X-ray d i f f r a c t i o n  p a t t e r n s  were tak en  o f  each specimen a f t e r  an n ea lin g  
to  c h a r a c te r iz e  i t s  t e x t u r e .
Wide angle p a t t e r n s  taken  w ith the  in c id e n t  X-ray beam p a r a l l e l  
to  Z showed th a t  th e re  was no p re fe r re d  o r i e n ta t i o n  o f  th e  ( n o )  o r 
(200) d i f f r a c t i o n  r in g s  a f t e r  drawing or a f t e r  a n n ea l in g .  P a t t e r n s  
‘ w ith the  beam p a r a l l e l  to  X or Y showed good o r i e n ta t i o n  o f  th e  (200) 
p lanes  p a r a l l e l  to  Z. F igure  4*19 i s  a p lo t  o f  the  an g u la r  spread 
of th e  (200) a rc s  as a fu n c t io n  o f  annea ling  te m p e ra tu re .  There i s
~  1 U U  ~
very  l i t t l e  d i s o r i e n t a t i o n  of th e  £  ax is  below T^ = 130°C. 
Subsequently  th e  a rc s  spread around th e  d i f f r a c t i o n  r in g  u n t i l  a t  
Ta = 135°C? th e  a rc s  have become complete r in g s ,  showing thj2 complete 
d i s o r i e n t a t i o n  o f  th e  £  a x is  about. X or Y. S
The low angle p a t te r n s  taken  in  the  X d i r e c t io n  show tw o-po in t 
p a t t e r n s  t h a t  p ro g re s s iv e ly  decrease  in  l a t e r a l  w idth as shown in  
F igure  4*28. At annea ling  tem pera tu res  above 133°C a d i f f u s e  two- 
p o in t  p a t t e r n  i s  superimposed on th e  w e l l -d e f in e d  lo b es  i n d i c a t in g  
th e  presence o f  lam e llae  w i th -s m a l le r fo ld  l e n g th s .  The la m e lla e  
th ic k e n  in  th e  Z d i r e c t io n  as shown in  F igure  4*20. The v a r i a t i o n  
in  d e n s i ty  and macroscopic dimensions d u r in g  ann ea lin g  are  shown in  
F ig u res  4*21 and 4 .22 r e s p e c t iv e ly .
The r e s u l t s  o f  d i f f e r e n t i a l  scanning c a lo r im e try  experim ents  
are  p resen ted  in  Table 4*3* The r e s u l t s  followed a s im i l a r  t re n d  
to  th e  endotherms shown in  F igure  4*12. i . e .  a t  low an n ea lin g  
tem pera tu res  only one endotherm i s  p re se n t  and a t- h ig h e r  tem p era tu re s  
a second endotherm appears on the  low tem pera tu re  s id e  o f  th e  f i r s t  
endotherm, and th e  LT endotherm becomes th e  dominant peak a t  h ig h e r
ann ea lin g  te m p era tu re s .
/  * • ,
4 .3 * 2 . R igidex 9 drawn a t  70 °C
Compression moulded p laques 20 ram t h i c k  were p repared  from 
g ran u les  o f  R ig idex  9* Dumbells m illed  from th e  p laques were th en  
drawn a t  rJ0°G. The draw r a t i o  was found to  vary  along th e  le n g th  
of th e  s t r i p  from x5 to  x26. Specimens used fo r  u l t r a s o n i c  v e lo c i ty  
measurements were tak en  from a p o r t io n  o f  th e  s t r i p  w ith  draw r a t i o  
x l8 .  Specimens from the  s t r i p  were annealed a t  tem p era tu re s  between 
100°C and 136°C. A f te r  annea ling , wide angle X-ray d i f f r a c t i o n  
p a t t e r n s  were obtained  from each specimen w ith  th e  in c id e n t  beam
-  101 -
p a r a l l e l  to  X, Y and Z and low angle p a t t e r n s  w ith  th e  beam p a r a l l e l  
to  X.
• i
The wide angle p a t t e r n s  tak en  in  th e  Z d i r e c t io n  showed th a t
th e r e  was no p re fe r r e d  o r i e n ta t i o n  of th e  jt o r  b_ ax es .  P a t t e r n s  
in  th e  X and Y d i r e c t io n s  showed good _c a x is  o r i e n t a t i o n  p a r a l l e l  to  
Z, which was m ain tained  th roughout th e  ann ea lin g  s e r i e s ,  as  shown 
in  F ig u re  4*19* Even a f t e r  annea ling  a t  136°C, when th e r e  i s  some 
b lack en in g  around th e  whole o f  th e  (200) d i f f r a c t i o n  r in g ,  th e  
i n t e n s i t y  i s  s t i l l  co n cen tra ted  about th e  Y d i r e c t io n  in  a rc s  o f  20°. 
The low angle p a t t e r n s  a re  s im i l a r  to  th o se  o f  R ig idex  2000 drawn a t  
75°C, b e ing  tw o-po in t p a t t e r n s  throughout th e  annea lin g  s e r i e s .  The 
p a t t e r n s  increa-se in  d e f i n i t i o n  w ith  in c re a se  in  an n ea lin g  tem p era tu re  
A void  s t r e a k  along th e  eq u a to r  o f  th e  low angle p a t t e r n s  was v i s i b l e  
up to  Ta ss 120°C. The la m e lla e  th ickened  p ro g re s s iv e ly  th roughout 
th e  s e r i e s ,  F igu re  4*20; th e  v a r i a t i o n  in  d.ensity and macroscopic 
dimensions are  shown in  F ig u re s  4*21 and 4*23 r e s p e c t iv e ly .
The r e s u l t s  o f  th e  DSC experim ents a re  shown in  Table  4*3* and 
follow ed a s im i l a r  t re n d  to  th o se  o f  R ig idex  2000 drawn a t  75°C*
4.3*3* Alkathene drawn a t  55°0
Granules o f  Alkathene ¥JG 11 were compression moulded in to  
p laques 10 mm t h i c k  from which dumbells were m illed  and sub seq u en tly  
drawn a t  55°C* The draw r a t i o  v a r ie d  along th e  le n g th  o f  th e  ‘ 
specimen to  a maximum of x3~§* Specimens f o r  u l t r a s o n i c  measurements 
were a l l  cu t  from th e  p o r t io n  o f  th e  s t r i p  w ith  draw r a t i o  x3'g'* 
Specimens were annealed a t  tem pera tu re ’s between 70°C and 110°C and 
low and wide angle X-ray d i f f r a c t i o n  pa .tte rns  were ob ta ined  a t  each
s tag e  to  determ ine th e  m olecular and la m e l la r  o r i e n t a t i o n s .
The wide angle X-ray d i f f r a c t i o n  p a t t e r n s  tak en  w ith  ffche beam
i
p a r a l l e l  to  Z showed th a t  th e r e  was no p re fe r re d  o r ie n ta t io ^ i  o f  th e  
a, and b_ axes in  th e  XY plane a t  any s tag e  du r ing  th e  an n ea lin g  
sequence. P a t t e r n s  ob ta ined  along X o r  Y were i d e n t i c a l  and 
showed th a t  th e  c, axes were d i s t r i b u t e d  in  a cone about Z. On 
an n ea lin g ,  th e  (110) and ( 200) a rc s  in  th e  X and Y p i c tu r e s  
p ro g re s s iv e ly  spread from t h e i r  i n i t i a l  e q u a to r ia l  p o s i t i o n s .  The 
X and Y p a t t e r n s  o f  specimens annealed a t  95 °C and 100°G showed a 
s l i g h t  enhancement o f  th e  ( l l O ) M i f f r a c t i o n  r in g  in  th e  Z d i r e c t io n  
as shown i n  F igu re  4*25* ¥0 enhancement was observed on th e  (200)
r in g  in  th e  Z d i r e c t i o n ,  even when th e  specimens were t i l t e d  th rough  
th e  Bragg angle f o r  th e  (200) d i r e c t io n .  For a r o t a t i o n  o f  b and £  
about Y, or a r o t a t i o n  o f  £  and £  about X, bo th  th e  ( l lO )  and (200) 
d i f f r a c t i o n  r in g s  should have shown enhancements in  th e  Z d i r e c t i o n .  
I t  i s  conc luded  th e r e fo r e  t h a t  th e r e  was very  s l i g h t  p r e f e r r e d  
o r i e n t a t i o n  o f  £  a long Y and th e n  a r o t a t i o n  o f  b  s.nd £  about Y 
o ccu rred .
A f te r  ann ea lin g  a t  105°C, the  enhancement o f  th e  ( l lO )  r i n g  
d is a p p e a rs ,  and f u r t h e r  sp read in g  of th e  ( llO )  and. (200) e q u a to r i a l  
a rc s  i s  observed . Annealing a t  107°C r e s u l t s  i n  th e  (200) a r c s  
b e in g  s i t u a t e d  i n  th e  Z d i r e c t i o n  and th e  (n o )  a rc s  b e in g  spread 
th rough  120° about X or Y as shown in  F ig u re  4*26. Thus th e  
m a jo r i ty  o f  th e  £  axes a re  now spread in  a 60° arc  about X o r  Y.
At 110°C a l l  X, Y and Z p a t t e r n s  are  i d e n t i c a l  and show com plete , 
u n ifo rm ,b lac k  ( llO )  and (200) d i f f r a c t i o n  r i n g s .  The spread  o f  
th e  (200) a rc s  about Y as a fu n c t io n  o f  annea lin g  tem p era tu re  i s
shown in  F igure  4*24* These r e s u l t s  are  in te rp r e te d  as th e
sim ultaneous r o t a t i o n  o f  th e  a. and jb--ax.es-about X or Yv !
* * '
The low angle d i f f r a c t i o n  p a t t e r n s  ob ta ined  in  th e  X d i r e c t i o n
changed s i g n i f i c a n t l y  th roughout the  annealing  s e r i e s .  A f ie r  
drawing a t  55 °C a tw o-po in t p a t t e r n  i s  o b ta ined , which i s  m ain ta ined  
up to  T & = 90°C, as shown in  F igure  4*27* During t h i s  i n t e r v a l ,  
th e  lo b e s  reduce in  l a t e r a l  w id th .  A f te r  a n n e a l in g -a t  95 °G? a 
f a i n t  a rc  i s  superimposed on th e  tw o-poin t p a t t e r n  which i n t e n s i f i e s  
a f t e r  ann ea lin g  a t  100°C, as i n  F igure  4*27* From th e  i n t e n s i t y
f ■
and d e f i n i t i o n  o f  th e  c e n t r a l  p o r t io n  of th e  lo b e s ,  i t  was c le a n  
t h a t  th e  m a jo r i ty  o f  th e  la m e lla e  were s t i l l  a l igned  w ith  p a r a l l e l  
to  Z. Annealing a t  105°C causes  spread ing , o f - th e .  lo b es  in  th e  Z 
d i r e c t io n  to  form a w heatsheaf r e f l e c t i o n ,  F igure  4*27* Annealing, 
a t  107°C i n t e n s f i e s  th e se  r e f l e c t i o n s  and a f t e r  ann ea lin g  a t  110°0, 
complete broad d i f f r a c t i o n  r in g s  are observed in d i c a t in g  random 
o r ie n ta t i o n  o f  n^ about Z* Traces o f  th e  fu s io n  endotherms o b ta in ed  
by DSC are  shown in  F igure  4*29* Double endotherms were observed 
from th e  specimens annealed a t  90°G and from th o se  annealed  a t  
Ta > 105°C. The tem p era tu res  a t  th e  onset o f  f u s io n  o f  th e  peaks 
are  shown in  Table 4*3. *
The macroscopic dim ensional changes du r in g  annea lin g  a re  p lo t t e d  
i n  F igu re  4*30. The v a r i a t io n s  in  long  per iod  and d e n s i ty  d u r in g  
annealing  are  p lo t t e d  in  F ig u res  4 .20 and 4.21 r e s p e c t i v e l y .
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Table 4 .1
The e f f e c t  o f  annea lin g  tim e on specimen dim ensions.
Specimens! R ig idex  2000 drawn a t  20°<
Ta
(°c)
Time 
( min)
x/xo y/ y' 0 z /zo
128.0 3 1.05 1.24 0 .78
128.0 5 1 .04 1 .24 0 .78
128.0 : 10 1.03 1.25 0 .78
128.0 15 1.04 1.25 0.77
128.0 30 1.03 1.26 0.77
128.0 60 1.03 1.26 O.78
128.0 90 1.03 1.24 0 .78
128.0 120 1.05 1 .24 0.76
128.0 270 1 .04 1 .24 0 .77
128.0 ‘ 720 1.05 1 .24 0 .7  6
128.0 1440 1.03 1 .24 0.76
128.0 2880 1 .03 1 .24 0 .7 7
130c7 30 1 .04 1 .67 0 .59
130.7 60 1.02 1.61 0.59
130.7 120 1 .02 1.57 0.61
130.7 4320 1.04 1 .56 0.59
jbong
P eriod
(nrn)
22 .4  
22 .3  
22.8
22.7  
24 .2
24.1
26 .2  
25.6  
25-7 
26.9 
28.3
28.5  
32.0
38.6
39.8  
44.3
Table 4 .2 .
i
The e f f e c t  o f  a second annealing' tre a tm e n t  on th e  specimen d im ensions. 
Specimens: R ig idex  2000 drawn a t  20°C j
Annealing h i s to r y  Long p e r io d
' ( nm) ,
Ta 1s t  = 110.0 1.01 1.13 0.92 17 .3
Ta 2nd = 129.0 M .05 1.36 0.74 27.9
Ta 1s t  = 129.0 1.03 1.35 0.72 28.1
T;a . 1s t  = 128.0 1.03 1.26 0.77 24 .2
Ta 2nd = 125.0 1.00 1.00 1.00 23 .7
Ta 1s t  = 125.0 1.01 1.22 0.80 22.9
i
Table 4 .3*
The tem p era tu res  o f  th e  LT and HT endotherm peaks from DSC 3: th e  DSC
chain  fo ld  le n g th  L and th e  low angle X-ray d i f f r a c t i o n  fo l |l  le n g th  d,
fo r  v a r io u s  grades o f  drawn and annealed po lyethy lene*  ,
R ig id e x  2000. Drawn a t  20°C ;
Annealing DSC . LAXD
T Peak L a
Si
LT HT LT HT
(°c) ( 6c) (°c) (nra) (nra) (nm)
I s o t r o p ic - 123.1 - 11.2 -
Drawn : -  . 128.1 - 15*9 -
110.0 -  ' - 127.2 - 14.7 17 .3
120.0 -  . 129.3 - 17.6 19.0
125.0 - 128.5 - 16 .4 22.9
127.0 - 130.0 - 18.8 25 .0
128.0 . - 129.3 - 17.6 26.0
129.0 - 128.1 - 15.7 28.1
130.0 120.3 129.9 9.5 18 .4 30.7
130.5 123*5 130.7 11.3 20.0 32.9
131.0 124.0 131.4 11.6 21.6 35.5
131.5 125*7 131.8 13.0 22.7 4 2 .8
132.0 125.3 132.1 12.8 23.8 -
R igidex  2. Drawn a t  20°C
I s o t r o p ic - 125.7 * - 13.0 -
Drawn - .129.9 - 18 .8 -
110.0 - 129.1 - 17.3 2 0 .4
120.0 129.5 - 18 .0 22.5
125.0 - 130.7j - 20.2 22.5
127.0 - 130'.1 -  ‘ 19 .7 27.5
128.0 - 130.9 - 20.7 27 .0
129.0 - 130.9 - 20.4 28.1
130.0 115.6 131.7 - 22.3 29 .0
130.5 117.9 131.9 - 22.8 30.0
131.0 120.6 131.9 8 .4 22.8 31.4
131.5 121.4 131.9 9 .9 22.8 32.9
132.0 122.5 130.9 • . 10.5 20.3 -
132.4 124*9. I 3 r .9  ; 12 .2 .22.8 -
133.0 126.3 132.4 13.8 24.8 -
Table 4*3*' (Continued 1 . )
Rigidex  2000. Drawn a t  75°C
Annealing DSC ______ _ LAXD
T Peak L S d
a         .   ;- - -      j
. LT HT LT HP' !
(°C) (°0) (°C) (nra) (nra) (nra)
Drawn -  128.9 -  17.0  20.4
95*0 -  128.5 -  16.3 21.4
110.0 -  128.4 “  16 .1  23 .6
120.0 -  128.7 -  16.5 28.0
125.0 '  -  128.9 -  16 .8  31.3
128.0  -  128.9 -  16 .8  34.5
130.0 12O.5 130.8  9 .5  20 .2  35. 4 ,
131.0 - 121.5 131.3 10.1 21.4 38.1
132.0 125.8  132.0  13 .2  23.3 39.1
133.0 125.2 131.9 12 .6  23.1 40 .4
R igidex  9 >Srawn a t  70°0
I s o t r o p ic  -  126.2 -  13*5 “
Drawn -  133.2 -  27.3 23.2
90.0  -  132.2  -  23 .8  24 .7
110.0 * -  133.3 -  27.6 26 .4
120.0 -  133.O ' -  26 .4  27.5
125.0 -  133.6 ’ -  28.8 30.1
130.0 -  132.9 - -  26.0  34 .7
132 .0  -  132 .2  -  23 .6  37 .3
134.0 125.6 135.0 J 12 .8  36.8 39.7
135.0 • 126.1 135.0 13 .3  36.8 4 0 .7
135.5 125.2  133.6 12.5 28.9  34 .7
-  1^0 -
Table 4*3* (Continued 2)
A lkathene.
Annealing
brawn a t 55°o
bSC LAXb
Ta Peak L d
LT. HT LT HT
(°c) (°c) ( ° 0 (nm) ( 11m) (nm)
I s o t r o p ic - 95.8 - 4 .5 T'
brawn - 97*2 ~ 4*6 13 .2
70.0 - 95.9- - 4*5 12 .6
80.0 - 95.3 ~ 4*4 13.5
90.0 89.1 96.1 3.9 4*5 - 15 .4
95-0 - 94.1 - 4*3 16 .1
100.0 - 99.6 - 4 .9 18.5
105.0 84.0 4105.1 3.5 5*6 -
IO7 .O 90.5 107.4 4.0 6.0 18.6
110.0 94 .7 . 101.0 4 *4 5*1 19 .7
chapter 5
■D iscu ss io n  o f  th e  annea ling  behav iour
5*1* In t ro d u c t io n
The .-.changes in  m ic ro s tru c tu re  and o r i e n ta t i o n  which occur du r ing  
ann ea lin g  o f 'd raw n o r  drawn and r o l l e d  po lye thy lene  a re  dependent 
on th e  grade o f  p o ly e th y le n e , ( in  p a r t i c u l a r  i t s  m olecu lar weight 
and m olecular weight d i s t r i b u t i o n )  and i t s  i n i t i a l  t e x t u r e .  In  
t h i s  s tudy  a range o f  p o ly e th y len es  o f  d i f f e r i n g  i n i t i a l  c r y s t a l l i n i t i e  
prepared under d i f f e r e n t  c o n d i t io n s  have been examined to  e lu c id a te  
th e  e f f e c t  of  ann ea lin g  on o r ie n te d  polymers# A b r i e f  d i s c u s s io n  
o f  th e  s t r u c tu r e  o f  bu lk  c ry s ta l l i s e d ,  p o lye thy lene  and th e  subsequent 
deform ation  o f  t h a t  s t r u c tu r e  du r ing  drawing i s  g iven  and. i s  fo llow ed 
Ly a d e ta i l e d  d isc u s s io n  o f  the  r e s u l t s  o f  t h e . ann ea lin g  experim ents  
p resen ted  in  Chapter 4* The r e s u l t s  ob ta ined  in  t h i s  s tudy  are  
compared w ith th e  r e s u l t s  o f  p rev ious  s tu d ie s ,  which were concerned 
p r in c ip a l l y  w ith low d e n s i ty  p o ly e th y le n e .
5*2. The s t r u c tu r e  o f  undrawn p o lye thy lene
P o ly e th y len e  c r y s t a l l i z e d  from the  m elt has a s p h e r u l i t i c  
s t r u c tu r e  a lthough , due to  the  ra p id  c o o l in g  du r ing  quenching, th e  
s p h e r u l i t e s  a re  not f u l l y  developed. The s p h e r u l i t e s  develop 
r a d i a l l y  w ith  th e  Jb axes o f  the  lam e llae  in  th e  growth d i r e c t io n  
and th e  a and £  axes a t  r i g h t  angles  to  _b , i . e .  t a n g e n t i a l .
O p tic a l  b i r e f r in g e n c e  s tu d ie s  show th a t  th e se  r a d i a l  la m e lla e  a re  
tw is te d  in to  a h e l i x .  A s ig n i f i c a n t  amount o f  amorphous m a te r ia l  
i s  p re se n t  amongst th e  s p h e r u l i t e s  as in d ie  cited-.by th e  degree o f
c r y s t a l l i n i t y  o f  th e  melt p ressed  s h e e t .  The amorphous m a te r ia l  
may be trapped  between the  fo ld  su rfa c e s  o f  ad jacen t la m e lla e  w i th in  
a s p h e r u l i t e  and between d i f f e r e n t  s p h e r u l i t e s .  T ie  ch a in s  a re  
formed as a consequence o f  d i f f e r e n t  s e c t io n s  o f  a molecule be ing  
in c o rp o ra te d  in to  d i f f e r e n t  la m e lla e .  The number o f  t i e  m olecules 
in c re a s e s  both w ith  in c re a se  in  moleciilar weight and r a t e  o f  
c r y s t a l l i z a t i o n  (1 8 ) .
5 .3 .  Drawing of p o lye thy lene
The deform ation  of th e  s p h e ru l i t ic  o r  m ic ro s p h e ru l i t ic  s t r u c t u r e  
during  u n ia x ia l  drawing or r o l l i n g  has been s tu d ie d  e x te n s iv e ly  by 
P e t e r l i n  and co-workers (106 -  *113). They have proposed a m olecu lar 
model o f  th e  t ra n s fo rm a t io n  o f  a s p h e r u l i t i c  s t r u c tu r e  to  a f i b r i l l a r  
s t r u c tu r e  du ring  drawing.
The i n i t i a l  s tag e  o f  th e  deform ation  occurs  p r io r  to  th e  fo rm atio n
3
of th e  neck and in v o lv es  the  sh ea r ,  s l i p  and r o t a t i o n  o f  th e  la m e lla e  
w i th in  th e  m ic ro sp h e ru l i te s  and th e  t i l t  o f  th e  cha ins  w i th in  th e  
la m e l la e .  M icrocracks develop between ad jacen t  lam e llae  b r id g ed  
by t i e  c h a in s .  In  th e  neck, th e  c r y s t a l l i n e  lam e llae  a re  broken 
up in to  small fo lded  chain  b lo c k s .  These form th e  m i c r o f i b r i l s  
c h a r a c t e r i s t i c  o f  drawn p o ly e th y le n e .  The b locks  a re  connected 
by th e  t i e  cha ins  which may pass  through d iso rd e red  amorphous re g io n s  
between ad jacen t b lo c k s .  A co n s id e ra b le  amount o f  hea t i s  produced 
in  th e  neck zone s u f f i c i e n t  f o r  ap p re c ia b le  s o l id  s t a t e  d i f f u s io n  to  
occur which tra n sfo rm s  the  fo ld  le n g th  o f  th e  i n i t i a l  la m e lla e  in to  
a fo ld  le n g th  c h a r a c t e r i s t i c  o f  th e  tem pera tu re  o f  drawing. The 
t i e  molecules e x e r t  a to rque  on th e  c r y s t a l  b locks  le a d in g  to  a
t i l t i n g  of the  fo lded  ch a in  b lo c k s .  The l a t e r a l  cohesion o f  the  
m i c r o f i b r i l s  i s  poor, a l low ing  th e  f i b r i l s  to  s l i p  p a s t  each o th e r  
du r ing  th e  p o s t-n eck  deformation* This deform ation  s t r e t c h e s  s t i l l  
f u r t h e r  th e  t i e  .molecules, and p a r t i a l l y  -unfolds th e  ch a in  fo ld ed  
b lo c k s .
The above d e s c r ip t io n  a p p l ie s  to  drawing a t  room tem pera tu re  
when a c l e a r l y  d e f in ed  macroscopic neck i s  observed. Drawing a t  
e le v a te d  tem p era tu res  e . g .  above JO°C, a llow s the  p re -n eck  defo rm ation  
o f  th e  lam e llae  and m ic ro sp h e ru l i te s  to  occur more r e a d i l y .  Necking 
occurs  a l l  over th e  specimen so t h a t  a pronounced macroscopic neck 
i s  not observed . The specimen undergoes an annea lin g  t re a tm e n t  
d u r in g  drawing evidenced by th e  few v o id s  p re se n t  and. more c l e a r l y  
d e f in ed  low angle X-ray d i f f r a c t i o n  p a t t e r n .  The ch a in  fo lded  
b lo ck s  are  o r ie n te d  w ith  t h e i r  normals p a r a l l e l  to  th e  draw d i r e c t i o n  
as th e  t i e  ch a in s  are  more r e la x e d .  The la c k  o f  a d i s t i n c t  neck 
was observed du ring  th e  drawing o f  R ig idex  9 a t  10°0, R ig idex  2000 
a t  75°C and Alkathene a t  55°C« -
5.4* Annealing o f  d r  aim m a te r ia l  . .
5 . 4 *1. Macroscopic dim ensional changes.
As p re v io u s ly  observed e . g . ( 2 0 ) ,  a l l ' i t h e  g rades  examined in  
t h i s  s tudy  showed s ig n i f i c a n t  dim ensional changes du r ing ' a n n e a l in g .
The two grades  t h a t  were drawn and r o l l e d  a t  20°C showed s im i l a r  
t re n d s  in  dim ensional changes in  t h a t  th e  specimens expanded in  th e  
Y- d i r e c t io n ,  c o n tra c te d  i n  i;he Z d i r e c t io n  and t o  a good approx im ation  
showed, l i t t l e  change in  th e  X d i r e c t io n  (F ig u re s  4*10 and 4*18). The
constancy o f  th e  X d i r e c t io n  i s  c o r r e la te d  w ith  the  d im ensional change 
and r o t a t i o n  o f  th e  lam e llae  d e ta i le d '  below* To w ith in  experim en ta lI
e r r o r ,  th e r e  was no volume change du ring  th e  annea ling  t re a tm e n t  when 
c a lc u la te d  u s in g  th e  macroscopic dimensionsf density ';m easurem ents,
however, showed an in c re a se  in  d e n s i ty  w ith  in c re a se  i n  an n ea l in g
\
tem p era tu re ,  F igure  4*11* I n  g e n e ra l ,  r a t h e r  l a r g e r  d im ensional 
changes were observed f o r  R ig idex  2000 compared to  R ig idex  2, f o r  
a g iven  ann ea lin g  te m p era tu re .  This was a consequence o f  th e  h ig h e r  
m olecular weight and hence g r e a t e r  number o f  t i e  m olecules p re se n t  
in  R ig idex  2000. I t  was p r im a r i ly  th e  r e l a x a t io n  o f  th e  t a u t  t i e
m olecules t h a t  le d  to  th e  shrinkage o f  th e  specimen.
Comparing th e  macroscopic dim ensional changes o f  R ig idex  2000 
drawn a t  20°C and drawn a t  75°C> F ig u res  4*10 and 4 .22  , i t  can be 
seen t h a t  the  r a t i o  X/Xo i s  roughly  co n s ta n t  a t  about 1 .04  f o r
R ig id e x 2000 drawn a t  20°C, but fo llow s th e  Y /lo  curve when drawn a t
75°C. This  i s  a consequence o f  th e  hexagonal symmetry o f  th e  
s t r u c tu r e  i . e .  th e  l a c k  o f  p r e fe r r e d  o r i e n ta t i o n  of th e  a, and b 
axes in  th e  XY p la n e .
A nnealing, even a t  th e * h ig h e s t  tem p era tu res  used in  each o f  
th e  s e r i e s ,  d id  not cause s u f f i c i e n t  c o n t r a c t io n  in  th e  Z d i r e c t i o n  
to  com plete ly  remove th e  e f f e c t s  o f  drawing. For example, a f t e r  
annea lin g  a t  136°C, R ig idex  9 drawn a t  75°C r e ta in e d  an e f f e c t i v e  
draw r a t i o  o f  xl4*6, w h i ls t  Alkathene annealed a t  107°C re ta in e d ,  
an e f f e c t i v e  draw r a t i o  o f  x l . 6 .  This i l l u s t r a t e s  th e  e x te n t  o f  
th e  d i f f e r e n t  deform ation  mechanisms o c c u r r in g  du r ing  draw ing.
For R ig idex  9? th e r e  i s  co n s id e ra b le  p o s t-n eck in g  p l a s t i c  d e fo rm atio n
in v o lv in g  i n t e r f i b r i l l a r  s l i p  which ex tends the  i n t e r f i b r i l l a r  t i e  
molecules le a d in g  to  an in c re a se  in  F igu re  7*2. During
an n ea lin g  th e  t a u t  t i e  m olecules can r e l a x ,  hu t th e re  i s  no
r e l a x a t io n  mechanism t h a t  r e v e r s e s  th e  f i b r i l l a r  s l i p ,  and donsequently
i
only a small f r a c t i o n  o f  th e  o r ig in a l  ex ten s io n  i s  re c o v e re d .
A lkathene, i n  c o n t r a s t ,  e x h ib i t s  l i t t l e  p o s t-n eck in g  p l a s t i c  
deform ation  evidenced in  th e  r e l a t i v e l y  low draw r a t i o s  a t t a i n a b l e  
( x.2>i f o r  Alkathene and x l8  f o r  R igidex 9) and consequen tly  a f a r  
l a r g e r  p ro p o r t io n  o f  th e  ex ten s io n  du r ing  drawing i s  re c o v e ra b le  
d u r ing  annea lin g  by th e  r e l a x a t io n  o f  th e  i n t e r f i b r i l l a r  t i e  m olecu les . 
The l a c k  o f  p l a s t i c  deform ation  du ring  drawing i s  a lso  seen in  th e  
i n s e n s i t i v i t y  o f  to  in c re a se  in  draw r a t i o  f o r  A lkathene as 
seen i n  F igure  7*3*
The r a t e  o f  c o n t r a c t io n  in  th e  Z d i r e c t io n  in c reased  w ith  
in c re a se  in  an n ea l in g  tem pera tu re  f o r  each o f  the  h igh d e n s i ty  
p o ly e th y len es  examined, F ig u res  A. 1 0 . ,  4*18 .,  4*22. and 4*23? bu t 
rem ains roughly  co n s ta n t  f o r  A lkathene, F igure  4*30. T h is  may be 
an a r t i f a c t  o f  th e  r a t h e r  compressed an n ea lin g  range f o r  th e  h igh 
d e n s i ty  p o ly e th y len es  or a  g e n u in e .e f f e c t  r e s u l t i n g  from th e  l a r g e r  
p ro p o r t io n  o f  amorphous m ateria l-  p re se n t  in  A lkathene .
The r a t i o s  X/Xo, l / l o  and Z/Zo were determined as a f u n c t io n
o f  annea ling  time f o r  two d i f f e r e n t  an n ea lin g  tem p era tu res  as d isp la y e d
in  Table '4 .1 .  For annea ling  a t  128°C, th e r e  i s  no d is c e rn a b le  t re n d
in  th e  r a t i o s  w ith  in c re a se  in  annea ling  time to  w i th in  th e  e x p e r i -  
4-mental e r r o r  o f  -  0 .0 1 .  The dim ensional changes occur w i th in  th e  
f i r s t  th re e  minutes o f  ann ea lin g  and rem ain co n s ta n t  t h e r e a f t e r
to  th e  t e s t  tim e l i m i t  o f  48 h o u rs .  A second experiment conducted
O '
a t  T =1 3 0 .7  C showed t h a t  th e  macroscopic dimensions con tinued  to
cl
change f o r  up to  th r e e  days o f  an n e a l in g . .  To w ith in  experim en ta l 
e r r o r ,  th e  X/Xo and Z/Zo r a t i o s  remained co n s ta n t  hut th e  Y/Yo r a t i o  
decreased  by about 6/^. S im ila r  behav iour has been observed du ring  th e  
an n ea lin g  of o r ie n te d  polycapro lactam  ( l l4 )>  and th e  au th o rs  suggested  
. th a t  th e  c o n t r a c t io n  was th e  r e s u l t  o f  r e f o ld in g  o f  t i e  m olecules -that 
re la x e d  du ring  th e  i n i t i a l  c o n t r a c t io n .  A s ig n i f i c a n t  f e a tu r e  o f  
t h i s  work, however, i s  t h a t  th e  c o n t r a c t io n  i s  only observed on th e  
specimens annealed a t  130*7°C. The d i f f e r e n t i a l  scanning  c a lo r im e try  
measurements re v e a le d  th e  emergence o f  a secondendotherm a f t e r  a n n e a l in g  
a t  130°C and t h i s  w i l l  be c o r r e la t e d  w ith th e  in c re a s e  in  th e  r a t i o  
Y/Yo in  th e  d is c u s s io n  o f  DSC r e s u l t s  in  S ec tio n  5*5*
5*4*2. D ensity
The d e n s i ty  o f  th e  drawn polymer in c reased  on a n n ea lin g  F ig u re s  
4*11 and 4*21 as  a r e s u l t  o f  two r e l a t e d  p ro c e sse s  i )  th e  c lo su re  o f1
m icroscopic  v o id s  formed d u rin g  -drawing and i i )  th e  p e r f e c t in g  o f  
th e  c r y s t a l l i n e  la m e l la e .  The c lo su re  o f  v o id s  was r e a d i l y  evidenced 
by th e  in c r e a s in g  t ra n sp a re n c y  o f  th e  specimens w ith  in c r e a s e  in  
an n ea lin g  te m p e ra tu re .  I t  has been found, however, t h a t  t ra n sp a re n c y  
a lone  i s  i n s u f f i c i e n t  evidence f o r  assuming th e  absence o f  v o id s  ( 115) .  
In  th e  l a t e r  s ta g e s  o f  an n ea lin g  th e  d e n s i ty  f e l l  due t o ’ an in c r e a s in g  
p ro p o r t io n  o f  small r e l a t i v e l y  im perfec t  c r y s t a l l i t e s  formed d u r in g  
quenching from th e  annea lin g  te m p e ra tu re .  This  behav iour has been 
observed p r e v io u s ly ,e .g . . ( l l6 )  and w i l l  be .d iscussed  more f u l l y  i n  th e  
s e c t io n  on d i f f e r e n t i a l  scanning  c a lo r im e try  below, S e c t io n  5 . 5 .
The lam e llae  grew in  a t  l e a s t  two dimensions as judged from 
low angle X-ray d i f f r a c t i o n  p a t t e r n s .  The la m e l la r  p e r io d ic i ty  
in c re a se d  in d ic a t in g  an in c re a se  in  fo ld  le n g th  and th e  l a t e r a l  
w idth  o f  th e  d i f f r a c t i o n  sp o ts  decreased , which i s  c o n s is te n t  w ith  
an in c re a se  in  l a t e r a l  width o f  th e  lam e llae  (.117,118). Both th e se  
changes sugges ts  t h a t  the  lam e llae  are  in c re a s in g  in  p e r f e c t io n  and 
t h a t  th e r e  i s  a t r a n s f e r  o f  m a te r ia l  from th e  amorphous phase , 
( p a r t i c u l a r l y  th e  fo ld  su rface )  to  th e  c r y s t a l l i n e  p h ase .
A small hu t c o n s is te n t  in c re a se  in  d e n s i ty  was noted w ith  
in c re a se  in  d r a w .r a t i o .  Only two polymers (R ig idex  9 drawn a t  70°C 
and Alkathene drawn a t  55°C) produced s t r i p s  w ith  v a r i a b le  draw r a t i o  
along t h e i r  le n g th ,  and hence t h i s  o b se rv a tio n  o f  the  change in  
d e n s i ty  w ith draw r a t i o  could not be made fo r  each o f  th e  g rades  
t e s t e d .  This in c re a se  in  d e n s i ty  i s  a t t r ib u te d ,  to  the. t i e  m olecules  
which o r ig i n a l l y  t r a v e r s e  the  amorphous phase between th e  la m e l la e  and 
f i b r i l s ,  bu t du r ing  the  f i b r i l l a r  s l i p  s ta g e  o f  the  defo rm ation ,
; cohere to g e th e r  ( l8 ,  119)*
5 .4 .3 ,  • M icroscopic dimensional changes
As o u tl in ed  above, th e  long  period o f  th e  lam e llae  in c r e a s e s
d ra m a t ic a l ly  w ith  in c re a se  in- annealing  tem p era tu re ,  as shown in
F ig u res  4*9? 4*17 and 4*20. The in c re a se  in  long p e r io d  im p lie s
an in c re a se  in  bo th  the  fold le n g th  o f  th e  c r y s t a l l i n e  p a r t  o f  th e
lam ellae  and in  th e  amorphous p a r t .  By knowing the  d e n s i t i e s  o f
th e  c r y s t a l l i n e  and amorphous phases and th e  o v e ra l l  d e n s i ty  o f  th e
specimen, to g e th e r  w ith  the  long p e r io d ,  the  p ro p o r t io n  o f  c r y s t a l l i n e
to  amorphous m a te r ia l  in  the  lam ellae  can be e v a lu a te d .  T h is  assumes 
••
t h a t  a l l  th e  amorphous and c r y s t a l l i n e  m a te r ia l  i s  p re se n t  in  the  
l a m e l la r  s t a c k s 'w i th in . t h e  f i b r i l .  Some evidence e x i s t s  to  suggest 
t h a t  th e r e  may he amorphous m a te r ia l  inc luded  between th e  f j . b r i l s  
( 25*120) .  Taking as an example the  R ig idex  9 s e r i e s ,  t h e n '  
between annea ling  a t  100°C and 134°C th e  long  period  increa-s'es 
from 25*6 nra to  39*7 nm. Using d a ta  d e r iv ed  from d e n s i ty  measurements 
t h i s  in c re a se  in  long per iod  i s  composed o f  a 60/? in c re a se  i n  c r y s t a l l i n e  
phase from 22.3 nm to  35*7 nm and a 21/i in c re a se  in  th e  amorphous 
phase from 3*3 nm to  4*0 nm. The phenomenon of in c re a se  in  fo ld  
le n g th  is .  no t r e s t r i c t e d  to  o r ie n te d .p o ly m e rs .  Specimens o f  melt 
p ressed  R igidex  2000 were annealed th rough a range o f  tem p era tu re s  
between 110°C and 130°C and th e  low -angle  X-ray d i f f r a c t i o n  p a t t e r n s  
showed t h a t  the  long per iod  o f  th e  la m e lla e  in c re a se d .  T his  has been 
observed by o th e r  au th o rs  f o r  bo th  s p h e r u l i t i c  polymers and s in g le  
c r y s t a l  mats (5>7*). The mechanism o f  th e  in c re a se  i s  not c l e a r l y  
understood  ( l 2 l ) .  One th eo ry  proposes t h a t  during  an n ea lin g  d e f e c t s  
in  th e  molecule a re  removed le a d in g  to  a s t r a ig h te n in g  and th e r e f o r e  
a le n g th e n in g  o f  th e  cha in  (1 2 2 ).  Some polymers do not e x h ib i t  a 
g radua l in c re a se  in  fo ld  le n g th  but in c re a se  in  s te p s  (123-125). T his  
type o f  behaviour was not observed fo r  any o f  th e  g rades  examined in  
t h i s  s tu d y .  *
As p re d ic te d  (106), th e  long  p e r io d  o f  th e  drawn m a te r ia l  i s  a 
fu n c t io n  .of th e  tem pera tu re  o f  drawing, th e  m olecular weight and 
m olecular weight d i s t r i b u t i o n  o f  th e  polymer. Comparing th e  long 
period  d a ta  f o r  R ig idex  2000 drawn a t  20°C and a t  75°C, F ig u re  5*1. 
only a t  th e  h ig h e s t  annea ling  tem pera tu res  a re  th e  long  p e r io d s  e q u a l .
This behaviour was p re d ic te d  and has been observed by o th e r  a u t h o r s , (126,
127).
F igure  5*2* shows th e  v a r i a t i o n  in  th e  la m e l la r  long  spacing  d, 
w ith  th e  lo g a r ith m  o f  annea ling  time fo r  two d i f f e r e n t  ann ea lin g  
tem peratures*  As found p re v io u s ly ,  th e r e  i s  a l i n e a r  r e l a t i o n s h i p  
between d and lo g  t  (128 ).  There i s  a s u b s t a n t i a l  d i f f e r e n c e  in  th e  
r a t e  o f  th ic k e n in g  between annea ling  a t  128 .0°C and. 1 3 0 .7°C. One 
au tho r  a t t r i b u t e s  th e  d i f f e r e n t  r a t e s  o f  th ic k e n in g  to  two d i f f e r e n t  
mechanisms (1 2 8 ).  At lower tem p era tu re s ,  i . e .  128°C, th ic k e n in g  
ta k e s  p lace  predom inantly  by a s l i d i n g  d i f f u s io n  mechanism, whereas 
a t  h ig h e r  tem p era tu res  i . e .  130.7°C s u b s ta n t i a l  m e lt in g  follow ed by 
r e c r y s t a l l i z a t i o n  a t  g r e a te r  fo ld  le n g th s  o ccu rs .  The DSC r e s u l t s  
show only a s in g le  endotherm a f t e r  annea ling  a t  128°C, bu t a second 
endotherm on th e  low tem pera tu re  s id e  o f  th e  main peak appears  a t  
130°C in d ic a t in g  th e  p resence  o f  m a te r ia l  t h a t  was m olten a t  th e  
annea lin g  tem pera tu re  and c r y s t a l l i s e d  d u r in g  co o lin g  to  room te m p e ra tu re .  
T herefo re  the  more ra p id  r a t e  o f  th ic k e n in g  a t  1 3 0 .7°C c o r r e l a t e s  w ith  
th e  evidence of s u b s t a n t i a l  m e lt in g  du r ing  th e  an n ea lin g  t r e a tm e n t .
This w i l l  be d iscu ssed  more f u l l y  in  th e  s e c t io n  on d i f f e r e n t i a l  
scanning c a lo r im e try , .  S ec tio n  5*5*
The e f f e c t  o f  a second annea ling  t r e a tm e n t ,  where th e  second 
anneal i s  a t  a tem pera tu re  e i t h e r  h ig h e r  or lower th an  th e  f i r s t ,  was 
examined. The r e s u l t s  were p resen ted  in  Table 4*2. I n  th e  f i r s t  
experiment th e  e f f e c t  o f  an n ea lin g  a t  110°C follow ed by a n n ea l in g  a t  
129°C, was compared w ith  an n ea lin g  a t  129°C. Both th e  m acroscopic 
and m icroscopic dim ensional changes were i d e n t i c a l  to  w i th in  experi-r 
mental e r r o r  in  th e  two c a s e s .  The second experiment invo lved  
re a n n e a l in g  a t  125°0 a specimen th a t  had p re v io u s ly  been annealed 
a t  128°C. The dim ensional changes were th e n  compared to  th o se  o f  a
specimen annealed d i r e c t l y  a t  125°C. M acroscopically  th e  r e s u l t s  
showed t h a t  th e r e  was no dim ensional change during  th e  second anneal 
a t  125°C. The second anneal appears to  have caused a re d u c t io n  in  
th e  long  spacing  from 24*2 nm to  23*7 nm. This  re d u c t io n  Jj-S j u s t
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o u ts id e  th e  experim enta l e r r o r  and so r e p re s e n ts  a r e a l  change in  
long p e r io d .  On thermodynamic grounds, i t  i s  very  u n l ik e ly  t h a t  
such a change from a more s ta b le  to  a l e s s  s ta b le  c o n f ig u ra t io n  should 
o ccur. The apparent decrease  in  long  spac ing  could be a r e s u l t  o f  a 
s h i f t  i n  th e  ‘c e n t re  o f  g rav ity*  of th e  d i f f r a c t i n g  elem ents  such 
t h a t  a f t e r  th e  second annea ling  t re a tm e n t ,  th e re  were a g r e a t e r  number 
o f  la m e lla e  w ith  long  spacing  d -  5d, bu t th e  same number o f  d i f f r a c t i n g  
elem ents w ith  long spac ing  d + Sd. This could occur by th e  p e r f e c t i n g  
o f  th e  sm a lle r  c r y s t a l l i t e s  tha.t were semi-m olten a t  125°C a llow ing  
them to  in c re a se  t h e i r  fo ld  le n g th s ,  w h i ls t  th e  lam e llae  w ith  l a r g e r  
fo ld  le n g th s  remained c o n s ta n t .  The r e s u l t i n g  in c re a se  in  th e  number 
o f  d i f f r a c t i n g  elem ents o f  long  spacing  d -  6d would produce a 
d i f f r a c t i o n  p a t t e r n  w ith  enhanced i n t e n s i t y  a t  a spacing  in v e r s e ly  
p ro p o r t io n a l  to  d -  Sd. A schematic diagram o f  th e  d e n s i to m e te r  
t r a c e s  o f  th e  d i f f r a c t i o n  p a t t e r n s  o f  th e  specimen annealed a t  128°C 
and th e  specimen annealed at*128°C and 125°C i s  shown in  F ig u re  5*3*
5 .4 .4*  Lam ellar and m olecular o r i e n ta t i o n
One o f  th e  consequences o f  drawing p o lye thy lene  a t  e le v a te d  
tem pera tu res  i s  to  achieve a p a r a l l e l  l a m e l la r  t e x tu r e ,  i . e .  a t e x t u r e  
in  which th e  la m e l la r  normals a r e 'a l ig n e d  p a r a l l e l  w ith  th e  o r i e n t a t i o n  
d i r e c t io n .  A low angle X—ra y  d i f f r a c t i o n  p a t t e r n  o f  such a s t r u c t u r e  
i s  termed a- tw o-po in t  p a t t e r n .  Drawing a t  room tem pera tu re  produces 
a h e rr in g -b o n e  type t e x tu r e ,  where th e  la m e lla e  normals a re  in c l in e d
a t  hn angle to  th e  o r i e n ta t i o n  d i r e c t i o n .  D i f f r a c t io n  p a t t e r n s  from 
te x tu r e s  o f  t h i s  type  a re  known as fo u r -p o in t  p a t t e r n s .  This  d i f f e r e n c e  
in  i n i t i a l  t e x tu r e  determ ines  th e  type  and e x ten t  o f  defo rm ation  du r ing  
an n e a lin g .  The i n t e r p r e t a t i o n  o f  th e  d i f f r a c t i o n  p a t t e r n s  i s  based 
on a model proposed by Groves and Plirsch (1 2 9 ) .
D iscuss ing  f i r s t  th e  polymers drawn a t  room temper a t  tire ,  the
angle  0 , between th e  lam ellae  normal n^ and Z i s  i n i t i a l l y  42° * 2°
and f a l l s  p ro g re s s iv e ly  to  36° -  2° a f t e r  annea ling  to  125°C, F ig u re  4*7*
In  th e  same an n ea lin g  in t e r v a l  th e  angle & between a, and Y and hence
between jc and Z, as a, and jc a re  o r thogona l,  in c re a se s  from 0° to
63 -  1 ° ,  F igure  4*6. Hence th e  angle -0-> .0 remains c o n s ta n t ,  which
im p lie s  a pure r o t a t i o n  o f  th e  lam e llae  normals towards Z, w ith  no
in t e r n a l  la m e l la r  de fo rm ation . The mechanism o f  t h i s  r o t a t i o n  i s
th e  r e l a x a t io n  o f  th e  t i e  c h a in s ,  which e x e r t  a to rq u e  on th e  la m e lla e
oin  th e  f i b r i l l a r  s ta c k s .  F u r th e r  an n ea lin g  in  th e  range 125 C to
131*3°C causes a c o n tin u in g  r o t a t i o n  o f  n towards Z from 36° -  2°
ij
to  29° — 2 ° .  The angle ■& remains co n s ta n t  a t  7° -  1 ° .  This  r o t a t i o n  
i s  c o n s is te n t  w ith  deform ation  by chain  s l i p .  The loir ang le  d i f f r a c t i o n  
p a t t e r n s  o f  specimens above 131*3°0 show a tw o-po in t p a t t e r n  
i n d ic a t in g  t h a t  n^ i s  p a r a l l e l  w ith  Z. The wide angle  p a t t e r n s  
along X show t h a t  th e  two (200) a,rCs have each spread and c o a le sc e d ,  
in d ic a t in g  c o n s id e ra b le  compressive deform ation  o f  th e  lam e lla e -  
caus ing  th e  £  a x e s  to  d i s o r i e n t .
The behav iour o f  R ig idex  2 drawn a t  20°G fo llow s a s im i l a r  t r e n d  
to  t h a t  o f  R ig idex  2000. bu t i s  somewhat more com plica ted . A f te r  
drawing, th e  low angle X-ray d i f f r a c t i o n  p a t t e r n  i s  very  d i f f u s e ,  
making measurement o f  0 d i f f i c u l t .  The d i f f u s e  n a tu re  o f  th e  p a t t e r n
i s  p re d ic te d  by -the P e t e r l i n  model o f  drawing as a consequence o f  
th e  small and i l l - d e f i n e d  fo lded  chain  b locks  t h a t  comprise th e  * 
f i b r i l .  With annea ling  th e  fo ld  su rface  becomes more r e g u la r ,  
th e  lam e llae  become l a r g e r  and th e  a ,m orphous-crysta lline  phase
i
boundary in  th e  lam e llae  becomes b e t t e r  d e f in e d . A ll o f  thejse f a c to r s  
c o n t r ib u te  to  an in c re a se  in  th e  d e f i n i t i o n  and i n t e n s i t y  o f  th e  
low angle  p a t t e r n s .  A f te r  annea ling  a t  110°G $ i s  29° — 4° &ud 
t h i s  in c re a se s  to  34° 2° a f t e r  annealing  a t  131°C, F igu re  4*16#
This behav iour i s  c o n tra ry  to  t h a t  observed in  R ig idex  2000 d isc u sse d
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above, when $ co n tin u o u sly  ^decreases throughout th e  an n ea lin g  r a n g e .
o + oThe va lu e  of •©• in c re a se s  u n t i l  i t  ach ieves  a maximum o f  9 “ 1 a t  .
131*2°C. The u n c e r ta in ty  in  th e  t r u e  va lu e  o f  0  makes p r e c is e  
a n a ly s is  o f  th e  deform ation  d i f f i c u l t ,  bu t i t  i s  apparen t t h a t  $  
could remain co n s ta n t  throughout th e  annea ling  s e r i e s  or r o t a t e  away 
from Z by 11 d e g re e s .  The former behaviour would appear to  be more 
l i k e l y  an d . s im i la r  r e s u l t s  were found when another grade o f  h igh  
d e n s i ty  p o ly e th y len e ,  R igidex 9> w ith  a s im i la r  weight average 
m olecu lar  weight was s tu d ied  (130).  This deform ation  which a l t e r s  
th e  ch a in  o b l iq u i ty  bu t le a v e s  th e  l a m e l la r  normal unchanged i s  l a m e l la r  
sh ea r  a c t iv a te d  by th e  compressive fo rc e s  genera ted  by th e  r e l a x a t i o n  
o f  t;ie m olecu les . The d i f f e r e n t  behaviour o f  R ig idex  2 and R ig idex  
2000 i s  p robably  due to  the  l a r g e r  p ro p o r t io n  o f  amorphous m a te r ia l  
in  th e  l a t t e r ,  which would g ive r i s e  to  a g r e a te r  number o f  t i e  
m olecules on drawing ( l 8 ) .
As the  drawn s t r i p  was ro l le d  a l t e r  drawing, the. u n i t  c e l l s  were 
p r e f e r e n t i a l l y  o r ie n te d  in  the  XY plane w ith  ja p a r a l l e l  w ith  Y and 
b p a r a l l e l  w ith X. To a good approxim ation , th e re  i s  no macroscopic
dim ensional change in  th e  X d i r e c t io n  f o r  th e  m a jo r i ty  o f  th e  
a n n ea l in g  range fo r  hoth  R ig idex  2 and R igidex  2000, F ig u re s  4*10 
and 4 .1 8 .  In  th e  case  o f  th e  grades drawn a t  e le v a te d  te m p era tu re s  
w ith  no a p p rec iab le  p re fe r re d  o r ie n ta t i o n  of th e  a, and-Ta axes in  th e  XY 
plane as judged from wide angle X-ray d i f f r a ,c t io n  p a t t e r n s ,  th e  
macroscopic dim ensional changes in  X and Y throughout th e  a n n ea lin g  
range were s ig n i f i c a n t  and almost equals see F ig u res  4*22 f o r  R ig idex  
2000 drawn a t  75°^, F igure  4*23 fo r  R ig idex  9 drawn a t  70°C and 
F igu re  4*30 fo r  Alkafhene drawn a t  55°^* There i s  a c o r r e l a t i o n  
th e r e fo r e  between th e  o r i e n ta t i o n  of th e  ch a in s  and la m e lla e  and 
th e  macroscopic dim ensional changes. From t h i s  o b se rv a t io n  i t  
would appear t h a t  th e  ( l 00) p lan es  o f  th e  la m e lla e  a re  p r e f e r e n t i a l l y  
s u i te d  fo r  cha in  fo ld  growth du ring  a n n ea lin g .
The la m e l la r  and m olecular o r i e n ta t i o n  changes t h a t  occur 
du r ing  th e  an n ea lin g  of the; R igidex grades drawn a t  e le v a te d  tem p era tu re s  
are  s im pler  th an  th o se  o ccu rr in g  f o r  th e  g rades  drawn a t  room 
te m p e ra tu re .  This i s  p r im a r i ly  because th e  i n i t i a l  o r i e n t a t i o n  
o f  th e  cha ins  end o f  th e  la m e lla e  normals i s  p a r a l l e l  to  th e  
o r i e n ta t i o n  d i r e c t io n  as shown in  th e  d i f f r a c t i o n  p a t t e r n s  f o r  
th e  specimens annealed a t  85°G and 129°C? F igu re  4*28. Hence th e  
compressive s t r e s s  genera ted  by the  r e l a x a t io n  o f  th e  t i e  m olecules  
has no component, which would, r e s u l t  in  in te r la m .e l la r  s l i p  and 
throughout th e  major p a r t  o f  th e  annea ling  range th e  l a m e l la r  and 
m olecular o r i e n ta t i o n  i s  unchanged and and £  remain p a r a l l e l  w ith  Z. 
A f te r  annea ling  a t  131 °C, th e  .& and hence jc axes beg in  .to d i s o r i e n t*
This could be th e  r e s u l t  o f  th e  r e c r y s t a l l i s a t b n  o f  m a te r ia l  molten 
a t  th e  annea ling  tem pera tu re  or compression o f  th e  la m e lla e  ca,using 
cha in  s l i p  by th e  fo rc e s  r e le a s e d  from th e  r e l a x a t io n  o f  t i e  m olecu les . 
The behav iour o f  R igidex 9 and R igidex  2000 drawn a t  70°C and 75°C 
r e s p e c t iv e ly  i s  e n t i r e l y  s im ila .r .
F igure  4*24 shows th e  spread o f  th e  Alkathene (200) a rc s  about X
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which co n tin u o u sly  in c re a se s  w ith  in c re a se  in  annea lin g  te m p e ra tu re .
The la m e lla e  a re  i n i t i a l l y  o r ie n te d  w ith  t h e i r  normals p a r a l l e l  to  Z, 
F igure  4*27* A f te r  annea lin g  a t  9Q°G, th e  lo b es  o f  th e  tw o-po in t  
p a t t e r n  have decreased  in  w idth and in c reased  in  d e f i n i t i o n  and i n t e n s i t y ,  
i n d i c a t in g  an in c re a se  in  the  s iz e  o f  th e  la m e lla e  and a m olecular  
r e o rg a n iz a t io n  le a d in g  to  a c l e a r e r  d i s t i n c t i o n  between th e  two p h a se s .  
A f te r  annea ling  a t  95 °C and 100°C a f a i n t  a rc  i s  superimposed on th e  
tw o-poin t p a t t e r n ,  as shown in  F igu re  4*27* During t h i s  an n ea lin g  
i n t e r v a l  th e  d i f f e r e n t i a l  scanning c a lo r im e try  t r a c e s  show a s in g le  
endotherra in d ic a t in g  t h a t  m ate r ia l-w h ich  m elts  du ring  th e  tempera,ture 
r i s e  to  95°C or 100°C, r e c r y s t a l l i z e s  a t  th e  annea lin g  te m p e ra tu re .
This behav iour w i l l  be e la b o ra te d  in  th e  .next s e c t io n ,  S e c tio n  5*5»
The appearance o f  th e  a rc s  th e r e fo r e  c o r r e l a t e s  w ith  th e  c r y s t a l l i z a t i o n  
o f  th e  molten m te r i a l .  In  an e a r l i e r  experiment on th e  m olecu lar  and 
t e x t u r a l  r e o rg a n iz a t io n  o c c u rr in g  d u r in g  annea lin g  (2 0 ) ,  th e  phenomenon . 
o f  o r ie n te d  c r y s t a l l i z a t i o n  was observed . I t  was n o te d 'th a . t  m a te r ia l  
molten a t  the  annea lin g  tem pera tu re  r e c r y s t a l l i z e d  d u r in g  quenching, 
bu t th e  wide angle X-ray d i f f r a c t i o n  p a t t e r n s  showed'.that th e  o r ig i n a l  
o r i e n ta t i o n  o f  th e  m olecules had been p re se rv e d .  The au th o rs  
concluded th e r e fo r e  t h a t  th e  molten m a te r ia l  had r e c r y s t a l l i z e d  in .  
an o r ie n te d  s t a t e .  In  t h i s  p re sen t  work, however, i t  a p p e a r s ' t h a t
m a te r ia l  which r e c r y s t a l l i z e s  a t  the  annea lin g  tem p era tu re ,  does not 
n e c e s s a r i ly  r e t a i n  i t s  o r ig in a l  m olecular and la m e l la r  o r ie n ta t io n *
Annealing a t  h ig h er  tem pera tu res  causes th e  a rc s  to  d is a p p e a r .  
This c o r r e l a t e s  w ith  th e  re-emergence of double endotherms in  th e  
DSC t r a c e s .  The lo b es  o f  the  low angle d i f f r a c t i o n  p a t t e r n  became 
extended in  th e  Z d i r e c t io n  r e s u l t i n g  from an in c re a se  in  th e  range 
o f  l a m e l la r  long p e r io d s .  The DSC t r a c e s  o f  th e se  specimens show 
two d i s t i n c t  endotherms which accord ing  to  the  L a u r i tz e n  and Hoffman 
th eo ry  should, correspond to  two d i s t i n c t  cha in  fo ld  le n g th s ,  but as 
shown in  F igure  4*28 th e  low angle d i f f r a c t i o n  p a t t e r n s  do not r e v e a l  
two d i s t i n c t  l a m e l la r  s p a c i n g s . ' This apparent d isc rep an cy  may be 
in t e r p r e t e d  by assuming t h a t  th e  two d i s t i n c t  cha in  fo ld  le n g th s  
each have a range o f  th ic k n e s s  o f  amorphous m a te r ia l .  The DSC 
experiment which only d e te c t s  th e  cha in  fo lded  p o r t io n  o f  th e  la m e lla e  
would th e r e fo r e  show only two peaks r a t h e r  th an  one broad peakhand th e  
low angle d i f f r a c t i o n  p a t t e r n s  would show a range of th ic k n e s s  o f  th e  
long p e r io d .  Support f o r  a model o f  t h i s  type comes from th e  r e s u l t s  
o f  an experiment on Alkathene to  a ttem pt to  r e so lv e  th e  r e v e r s i b l e  
change in  fo ld  le n g th  with tem pera tu re ,  which invoked a model w ith  a 
range o f  c r y s t a l l i t e  s iz e s  ( l 3 l ) .
A f te r  annea lin g  a t  110°C, th e  m olecular and l a m e l la r  o r i e n t a t i o n  
i s  almost com plete ly  l o s t  as a r e s u l t  o f  e x ten s iv e  m e lt in g .
5»5* D i f f e r e n t i a l  Scanning C alorim etry
D i f f e r e n t i a l  scanning c a lo r im e try  was-used to  examine th e  m e ltin g  
behav iour o f  p o lye thy lene  and in  p a r t ic u la r ,  to  study th e  v a r i a t i o n - i n '  
th ic k n e s s  of th e  amorphous f r a c t i o n  in  th e  lam e llae  w ith  a n n e a l in g
tem perature#  The th ic k n e s s  o f  th e  amorphous phase -was c a lc u la te d  
from th e  d i f f e r e n c e  between th e  long p e r io d ,  determined from low 
angle X-ray d i f f r a c t i o n ,  and th e  Chain fo ld  len g th  determ ined from
th e  m elting  tem pera tu re  through th e  L a u r i tz e n  and Hoffman e q u a t io n , (132)
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£ l3 2 )a s  a  C r y s ta l  fo ld  le n g th  L m elts  a t  a s p e c i f i c  tem pera tu re  Tt ,
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and th e r e fo r e  i f  T i s  known, L m aybe c a lc u la te d .  The i n t e r p r e t a t i o n
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o f  th e  d i f f e r e n t i a l  scanning c a lo r im e try  (DSC) thermograms i s  
i n t r i n s i c a l l y  d i f f i c u l t  as th e  system i s  not in  e q u i l ib r iu m  d u r in g  
th e  measurement. I t  i s  p a r t i c u l a r l y  d i f f i c u l t  to  i n t e r p r e t  th e  
r e s u l t  o f  o r ie n te d  and p a r t i a l l y  annealed system s, (133) as th e  
specimen i s  f u r t h e r  annealed d u r in g  th e  DSC scan . Hence th e re  i s  a 
con tinuous change i n ,  fo r  example, th e  long  period  o f  th e  specimen 
once th e  o r ig in a l  annea ling  tem perature  has been su rp assed .
R e fe r r in g  to  th e  thermograms in  F ig u re  4*12, th e  most im m ediately 
obvious f e a tu re  i s  th e  t ra n s fo rm a tio n  from s in g le  to  double endotherms# 
This  t ra n s fo rm a tio n  occurs a t  an annealing  tem pera tu re  about 2 or 3 
deg. C below th e  maximum annea lin g  tem pera tu re  f o r  each a n n e a l in g  s e r i e s  
This phenomenon was observed fo r  each grade o f  high d e n s i ty  p o ly e th y len e  
examined. A more com plicated sequence o f  r e s u l t s  was observed f o r  
A lkathene.
A check was made to  determ ine i f  th e  appearance o f  double 
endotherms was a fu n c t io n  of orientation:-. A s e r i e s  o f  nom inally  
i s o t r o p i c  specimens were cu t from a melt p ressed  shee t and were annealed 
th rough a s im i la r  tem pera tu re  i n t e r v a l  to  th e  specimens cu t from th e  
o r ie n te d  s t r i p s .  The i s o t r o p i c  ..specimens t h a t  had. been annealed  a 
few deg ress  below th e  m elting  tem pera tu re  showed double endotherms,
i n d i c a t i n g  t h a t  t h e i r  appearance was not a consequence o f  o r i e n t a t i o n .
A survey o f  th e  l i t e r a t u r e  rev ea led  t h a t  numerous au th o rs  have 
re p o r te d  th e  appearance o f  m u lt ip le  endotherms d u rin g  th e  fu s io n  o f  
polymers. I t  has been shown in  th e  case  o f  po ly e th y len e  tjhat th ey  
do no t r e s u l t  from fu s io n  o f  th e  t r i c l i n i c  form (134)? nor  b f  th e  
amorphous phase (135)* Another experiment examined th e  e f f e c t  o f  
la m e l la r  o r ie n ta t io n - o n  fu s io n  (136) but concluded t h a t  i t  d id  not 
a f f e c t  th e  fu s io n  b eh av io u r .
V arious th e o r i e s  have been proposed to  e x p la in  m u l t ip le  endotherms 
in c lu d in g  secondary c r y s t a l l i z a t i o n  (137) p a r t i a l  m e lt in g  fo llow ed by 
r e c r y s t a l l i z a t i o n  (1O3) th e  fo rm ation  o f  hybrid  c r y s t a l l i t e s  o f  l i n e a r  
and branched m olecules ( l 3S) and conversion  of ch a in  fo lded  la m e lla e  
to  ch a in  extended lam e llae  (139)* A rev iew  o f  th e  m e l t in g  b eh av io u r  
o f  polymers i s  g iven  in  (140) .  As a  r e s u l t  o f  ex te n s iv e  I n v e s t ig a t io n s  
by numerous au th o rs  in to  po ly e th y len e  and po lye thy lene  te re p h ta la - te  (PET), 
two th e o r ie s  have emerged which appear to  e x p la in  th e  phenomenon and 
to  accommodate th e  r e s u l t s  o f  e a r l i e r  work. The th e o ry  proposed 
a f t e r  s tu d ie s  on PET appears  to  be a p p l ic a b le  to  polymeigaof low 
c r y s t a l l i n i t y  and w i l l  not be d iscu ssed  f u r t h e r  here  ( l 4 l ) *  The 
co n c lu s io n  o f  th e  f u s i o n 's t u d i e s  om p o ly e th y len e  was t h a t  th e  m u l t ip le  
endotherms a re  a t t r i b u t e d  to*m olecu lar weight f r a c t i o n a t i o n  d u r in g  th e  
an n ea lin g  t r e a tm e n t .  I t  was suggested by Hoashi and Mochizuki (135) 
and subsequen tly  by o th e r  au th o rs  (142, 143) t h a t  th e  low 
tem pera tu re  (LT). peak r e s u l te d  from th e  fu s io n  o f  small and 
d iso rd e red  c r y s t a l l i t e s  perhaps c o n ta in in g  branches  and o th e r  d e f e c t s .
At low annea ling  te m p e ra tu re s ,  th e  d iso rd e re d  c r y s t a l s  melt and 
subsequen tly  r e c r y s t a l l i z e  u s in g  th e  l a r g e r  more s ta b le  c h a in  fo ld e d
c r y s t a l l i t e s  as n u c le a t in g  s i t e s .  These unraolten ch a in  fo ld ed  
c r y s t a l l i t e s  a re  co n tin u o u sly  in c re a s in g  t h e i r  fo ld  le n g th  a t  th e
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annea lin g  tem p era tu re ,  and th e  newly c r y s t a l l i z e d  m a te r ia l  adopts  the
1
new fo ld  le n g th .  At a c e r t a i n  annealing  tem p era tu re ,  dependent
j
p r im a r i ly  on th e  m olecular weight and m olecular weight d i s t r i b u t i o n ’ 
o f  th e  polymer, th e  r a t e  o f  c r y s t a l l i z a t i o n  becomes such t h a t  th e  
molten m a te r ia l  i s  unable  to  c r y s t a l l i z e  s u f f i c i e n t l y  r a p id ly  (144)* 
Consequently i t  c r y s t a l l i z e s  a t  a lower tem pera tu re  d u r in g  co o lin g  
from th e  annea ling  tem pera tu re  to  room tem p era tu re .  I f  th e  durations 
o f  annea lin g  i s  in c r e a s e d , th e n  a g r e a te r  p ro p o r t io n  o f  th e  molten 
m a te r ia l  i s  able  to  c r y s t a l l i z e  a t  th e  annea ling  te m p e ra tu re .  The 
rem ainder o f  th e  m a te r ia l  would be very  r i c h  in  d e fe c ts  and consequen tly  
would melt a t  even lower tem p e ra tu re s .  An experiment u s in g  R ig idex  
2000 annealed fo r  v a r io u s  le n g th s  o f  time a t  130 .7°C examined t h i s  
e f f e c t .  The endotherms are  shown in  F igu re  5*4* As can be seen , 
w ith  in c re a se  in  th e  d u ra t io n  o f  th e  annea lin g  p e r io d ,  two e f f e c t s  
are  observed, i )  th e  r e l a t i v e  a re a  o f  th e  h igh  tem pera tu re  (HT) peak 
to  th e  LT peak in c re a se s  and i i )  th e  tem pera tu re  i n t e r v a l  s e p a ra t in g  
th e  two peaks in c r e a s e s .  Table 5*1 shows th e  r a t i o  o f  th e  h e ig h ts  
o f  th e  HT peak to  th e  LT peak- and th e  tem pera tu re  s e p a ra t io n  o f  th e  
peaks T^ as a fu n c t io n  o f  annea ling  t im e .
An a d d i t io n a l  experim ent, th e  r e s u l t s  o f  which a re  reported , i n  
(142) looked a t  th e  e f f e c t  o f  perform ing th e  DSC scan from th e  
annealing  tem p era tu re ,  i . e .  w ithout quenching th e  specimen between 
annea lin g  and o b ta in in g  th e  DSC scan . I t  was found t h a t  only  one 
endotherm was produced, and t h a t  t h i s  d im inished in  a re a  w ith  in c r e a s e  
in  an n ea lin g  tem p era tu re .  T h is  in d ic a te s  t h a t  the  c r y s t a l s  whose 
fu s io n  produces th e  LT peak must c r y s t a l l i z e  du r ing  quenching from
th e  annea ling  tem pera tu re  to  room tem pera tu re  and th a t  t h e i r  p ro p o r t io n  
in c re a se s  w ith in c re a se  in  annea lin g  tem p era tu re .
i
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Examining th e  r e s u l t s  p resen ted  in  Table 4*3. and u s in g  th e
Rigidex- 2000 drawn a t  20°C s e r i e s  as an example, i t  i s  apparen t t h a t
specimens annealed in  the  range 20°C to  129°C melt in  th e  rakge
127.2°C to  130.0°G. Using th e se  m elting  tem pera tu res  and th e  v a lu e s
o f  th e  param eters  g iven  in  S e c tio n  4*2.1 in  th e  Hoffman and L a u r i tz e n
e q u a tio n ,  th en  th e  c r y s t a l  th ic k n e s s  in c re a se s  from 14*7 am to  1 8 .8  nm.
The long per iod  in c re a s e s  from 17*3 nm to  28.1 nm in  t h i s  same
ann ea lin g  i n t e r v a l .  Comparison of th e se  v a lu es  in d ic a t e s  t h a t  th e
amorphous p o r t io n  of th e  la m e llae  i s  th ic k e n in g  in  r e l a t i o n  to  th e
c r y s t a l l i n e  p o r t io n .  This co nc lus ion  c o n f l i c t s  w ith  th e  d e n s i ty
measurements shown in  F igure  4*11* which show th a t  th e  d e n s i ty  and.
hence th e  c r y s t a l l i n i t y  in c re a se s  during  t h i s  range .
R e su l ts  s im i la r  to  th e se  have been re p o r te d  by Meinel who found 
t h a t  th e  DSC m elting  tem pera tu re  o f  a s e r i e s  o f  o r ie n te d  and annealed 
po lye thy lene  specimens in c reased  by 0.5- deg.C between a n n ea l in g  a t  
20°C and 118°C, w h i ls t  th e  long  per iod  in c reased  by 60^ to  25*5 nm (145)* 
In  ano ther  experiment th e  DSC m elting  tem pera tu re  decreased  by 1 .0  deg.C 
between annealing  a t  60°C and 127°C. In  t h i s  case th e  long  p e r io d  
in c re a se d  by 76^  to  30.0 nm. ( lO l ) .
The s i t u a t i o n  i s  com plicated by th e  i n t e r a c t io n  o f  two competing 
p ro c e s s e s 'o c c u r r in g  s im u ltan eo u s ly . The. lam e llae  are  th ic k e n in g ,  
le a d in g  to  a h ig h e r  melting, p o in t  and th e  t i e  m olecules a re  r e l a x in g ,  
which te n d s r to  d im inish, th e  su p erh ea tin g  e f f e c t  and d ep ress  the- m e ltin g  
.p o in t .  This  i s  i l l u s t r a t e d  by an experiment to  remove th e  t i e  m olecules  
by e tc h in g  w ith  n i t r i c  a c id .  A f te r  e tc h in g  f o r  70 h r s .  a t  65°C th e
m elt in g  p o in t  i s  lowered by 5 deg, C (146) and i s  reduced by 9 deg.C 
a f t e r  e tc h in g  fo r  50 h r s .  a t  80°C ( lO l ) .
' • 1The lo c a t io n  and e x te n t  o f  th e  c r y s t a l s  r e sp o n s ib le  f<j>r th e
LT fu s io n  peak was not i d e n t i f i a b l e  by low angle X-ray d i f f r a c t i o n ?
even a f t e r  exposures o f  72 h r s .  no d i f f r a c t i o n  sp o ts  were v i s i b l e  a t
spacings  corresponding  to  th o se  c a lc u la te d  from the  DSC measurements.
I t  i s  concluded th e r e fo r e  t h a t  th e se  c r y s t a l l i t e s  have random o r ie n ta t i o n
w i th im th e  la m e l la r  s t r u c t u r e ,  as only r e g u la r  s t r u c tu r e s  w ith  a
p e r io d ic  f lu c tu a t io n s o f  e le c t r o n  d e n s i ty  produce d i f f r a c t i o n  a t  low
a n g le s .  The random o r ie n ta t i o n  o f  th e  LT c r y s t a l l i t e s  would account
f o r  th e  lo s s  in  p r e fe r r e d  o r i e n ta t i o n  o f  th e  a  axes observed on th e
wide angle X -ray d i f f r a c t i o n  p a t t e r n s  o f  specimens annealed a t  th e
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h ig h e r  annea ling  te m p e ra tu re s .  Experiments to  measure th e  o r i e n t a t i o n  
o f  th e  cha ins  and lam ellae  a t  th e  annea ling  tem pera tu re  have shown 
t h a t  a co n s id e ra b le  p ro p o r t io n  o f  th e  ma/terial i s  molten a t  th e  
annea lin g  tem p era tu re ,  as judged from th e  r e l a t i v e  i n t e n s i t y  o f  th e  
amorphous ha lo  and th e  c r y s t a l l i n e  d i f f r a c t i o n  a rc s  ( 2 0 ) .  I t  has  
been shown t h a t  t h i s  molten m a te r ia l  r e c r y s t a l l i z e s  on c o o l in g  in  an 
o r ie n te d  manner ( 2 0 ) .  However, as the  ann ea lin g  tem p era tu re  i s  
r a i s e d ,  an in c r e a s in g  p ro p o r t io n  o f  the  molten m a te r ia l  r e c r y s t a l l i z e s  
w ith  random o r i e n ta t i o n  (2 0 ) .  „
As to  th e  l o c a t io n  o f  th e  LT c r y s t a l l i t e s ,  th e r e  e x i s t  a t  l e a s t  
th re e  p o s s ib le  s i t e s .  The e x is te n c e  o f  amorphous or s e m i - c r y s t a l l i n e  
m a te r ia l  in  p a r a l l e l  w ith th e  l a m e l la r  s ta c k s  has been been suggested  
a f t e r  mechanical a n d 's t r u c t u r a l  s tu d ie s  on low d e n s i ty  p o ly e th y len e  
( 25 , 120) .  Also, to  e x p la in  the  v a r i a t i o n  o f  c e r t a i n  o f  th e  e l a s t i c  
c o n s ta n ts  w ith  annea ling  tem pera tu re  measured during  t h i s  study,- a
re g io n  o f  amorphous m a te r ia l  i s  p o s tu la te d  to  bound th e  f i b r i l s ,
S ec tio n  7*3*4* The LT c r y s t a l l i t e s  could  th e r e fo r e  be lo p a te d  in  
th e s e  re g io n s  w ithout n e c e s s a r i ly  c o n t r ib u t in g  to  low angle X-ray 
d i f f r a c t i o n .
Recent' d i r e c t  o b se rv a t io n  o f  s ta in e d  drawn and annealed  high 
d e n s i ty  p o lye thy lene  in  th e  e le c t r o n  microscope re v e a le d  t h a t  th e  
la m e lla e  are  ta p e re d  a t  t h e i r  edges ( l47 )*  *As no d i s c o n t in u i ty  
could be observed w i th in  th e  la m e l la e ,  i t  was concluded t h a t  th e  
t a p e r in g  was th e  r e s u l t  o f  a g radual sh o r te n in g  of th e  c h a in  fo ld  
le n g th ,  r a t h e r  th an  an a l t e r a t i o n  in  chain  o r i e n t a t i o n .  I t  i s  
f e a s ib l e  th e r e fo r e  t h a t  th e  LT c r y s t a l l i t e s  could be th e  ta p e re d  
p o r t io n s  o f  th e  main c r y s t a l l i t e s  as th e  more s ta b le  main c r y s t a l l i t e s  
would provide fav o u rab le  n u c le a t io n  s i t e s  f o r  th e  m a te r ia l  m olten . 
a t  th e  annealing  te m p e ra tu re .  Close r e g i s t e r  o f  a s ta c k  o f  ta p e re d  
lam e llae  i s  only p o s s ib le  over th e  c e n t r a l  f l a t  p o r t io n  o f  th e  la m e lla e  
and co n s id e ra b le  s ta c k in g  d is o rd e r  would occur a t  th e  ta p e re d  edges .  
L i t t l e  c o n t r ib u t io n  to  th e  low angle d i f f r a c t i o n  p a t t e r n s  would t h e r e ­
fo re  be expected from th e se  ta p e re d  p o r t io n s .  The e f f e c t  on th e  
t e x tu r e  o f  th e  specimen o f  th e  tap e red  re g io n s  would be to  c o n c e n tra te  
d e fe c t s  in  bands running  p a r a l l e l  to  th e  f i b r i l s  as p o s tu la te d  i n  t h i s  
and o th e r  works ( 25, 120) .  '
T h ird ly ,  th e  p resence o f  small c r y s t a l l i t e s  w i th in  th e  amorphous 
reg io n s  o f  th e  la m e l la r  s ta c k  has been p o s tu la te d  to  account f o r  th e  
r e v e r s ib le ,  change in  fo ld  le n g th  w ith  tem pera tu re  ( l 3 l ) • The m e lt in g  
o f  th e  sm a lle r  c r y s t a l s  accounts  f o r  th e  in c re a se  in  d e f i n i t i o n  and 
i n t e n s i t y  o f  th e  low angle p a t t e r n . a s  th e  r a n g e .o f  c r y s t a l  th ic k n e s s e s  
i s  narrowed and th e  d i f f e r e n c e  in  e le c t r o n  d e n s i t y . a c c e n tu a te d .
Tabl.e.4*l shows th e  v a r i a t i o n  in  macroscopic dimensions w ith
th e  d u ra t io n  o f  an n ea l in g .  The r a t i o  Y/Yo decreased  w ith  in c re a se
'  im  th e  d u ra t io n  o f  an n ea lin g .  This may be c o r re la te d  w i t h ' t h e  d e c l in e
in  a re a  of th e  LT peak and th e  in c re a se  in  AT w ith increasel in  an n ea lin g
I
tim e , Table 5*1* The m a te r ia l  t h a t  i s  molten a t  t h e . annealjing 
tem pera tu re  r e c r y s t a l l i z e s  a t  th e  annealing  tem p era tu re ,  i f  th e r e  i s  
s u f f i c i e n t  t im e , and adopts th e  fo ld  le n g th  o f  th e  m a te r ia l  s t a b l e  
a t  th e  ann ea lin g  te m p e ra tu re .  The rem aining molten m a te r ia l  
r e c r y s t a l l i z e s  on co o lin g  w ith  a s h o r te r  f o ld  le n g th .  Hence, th e  
quenched m a te r ia l  occupies  a g r e a te r  l a t e r a l  width due to  i t s  s h o r t e r  
fo ld  l e n g th .  A f te r  prolonged an nea ling , th e r e f o r e ,  i t  would be 
expected t h a t  th e  r a t i o  Y/Yo should d e c re a se .  A s im i la r  mechanism 
in v o lv in g  an improvement in  th e  packing o f  th e  cha in  fo ld ed  m olecules 
w ith  in c re a se  in  ann ea lin g  tim e has been proposed f o r  po lycapro lac tam
(1 1 4 ) .
The m elting  o f  Alkathene i s  more com plicated and fo u r  domains o f  
behav iour are  i d e n t i f i e d .
Specimens annealed a t  ’J0°0 and 80°C melt predom inantly  a t  95 °C 
although  th e re  i s  ap p re c ia b le  m elting  below 95°C judged from th e  broad 
i l l - d e f i n e d  endotherms. The second domain occurs  a f t e r  a n n ea lin g  a t-  
90°C when two endotherms are  observed a t  90°U and 96°C. A nnealing 
a t  95°C and 100°C produces specimens in  th e  t h i r d  domain which only 
show s i n g l e . endotherms a t  95°C and 100°G r e s p e c t iv e ly .  The fo u r th  
domain occurs f o r  specimens annealed in  th e  range 105°C, 107°C and 110°C. 
Each o f  th e se  show two endotherms w ith th e  p o s i t io n  o f  th e  LT peak 
in c re a s in g  from 84°C to  90°G to  95°C and th e  HT endotherm o c c u r r in g  
a t  th e  annealing  tem pera tu re  fo r  th e  ld5°C and 107°C specimens and
a t  101°C fo r  th e  110°C specimen.
The t r a n s i t i o n  from s in g le  to  double endotherms w ith  in c re a se  
in  th e  annealing  tem pera tu re  o f  Alkathene i s  s im i la r  to  t h a t  observed 
in  h igh  d e n s i ty  p o ly e th y le n e .  The unusual f e a tu re  o f  t h i s  s e r i e s  i s .  
th e  r e v e rs io n  o f  th e  double peak to  a s in g le  peak a f t e r  an n ea l in g  
a t  95°C 100°C. Such behaviour has been observed p re v io u s ly  in
a s im i la r  experiment (148) . .
The primary cause o f  th e  com plicated p a t t e r n  o f  behaviour o f  
A lkathene i s  i t s  low c r y s t a l l i n i t y .  Experiments on th e  fu s io n  o f  
po ly e th y len e  t e r e p h th a l a t e ,  a polymer o f  s im i la r  c r y s t a l l i n i t y  to  
A lkathene, monitored by DSC, have shown t h a t  th e re  i s  a p ro g re s s iv e  
p e r f e c t io n  o f  th e  i n i t i a l l y  poorly  formed c r y s t a l l i t e s .  Th is  occurs  
in  th e  f i r s t  domain when th e  l e a s t  s ta b le  c ry s ta l 's  melt d u r in g  th e  
DSC scan and r e c r y s t a l l i z e  in  a more s ta b le  form, to  re -m e l t  when th e  
scan reach es  a h ig h e r  te m p e ra tu re .  E v e n tu a lly  th e  most staJble c r y s t a l s  
melt a t  95°C. Annealing a t  70 °U or 80°C i s  i n s u f f i c i e n t  to  cause 
any major change in  th e  morphology. The second domain occurs  a f t e r  
anneal5.ng a t  90°C when th e  LT endotherm r e s u l t s  from th e  c r y s t a l l i s a t i o n  
of  m a te r ia l  molten a t  th e  annea ling  te m p e ra tu re .  Consequently d u r in g  
th e  DSC scan t h i s  m a te r ia l  m elts  at. 90°C and some may r e c r y s t a l l i z e  
to  re)-m elt l a t e r  in  th e  scan . The most s ta b le  c r y s t a l l i t e s  a re  s t i l l  
u n a f fe c te d  by th e  annea ling  t re a tm e n t  and melt a t  95°0. A nnealing a t  
95 °C allow s th e  sm a lle r  c r y s t a l s  to  melt and .‘. r e c r y s t a l l i z e  a t  95 °0 , 
so du r ing  th e  t h i r d  domain only one endotherm i s  observed . The fo u r th  
domain fo llow s the  behav iour o f  high d e n s i ty  p o ly e th y le n e ,  i . e .  m olecu lar  
weight f r a c t i o n a t i o n .  The annea ling  tem pera tu re  i s  now s u f f i c i e n t l y  
high to  cause th e  most s ta b le  c r y s t a l s  to  re o rg a n iz e  and in c re a se  t h e i r  .•
fo ld  le n g th s  and also, to  p reven t a p ro p o r t io n  o f  the  m a te r ia l  t h a t  
i s  molten a t  th e  annea ling  tem perature  to  r e c r y s t a l l i z e  du r ing  
a n n ea l in g .  The molecules t h a t  have i n s u f f i c i e n t  time to  c r y s t a l l i z e  
a t  th e  annea ling  tem pera tu re  c r y s t a l l i z e  du r ing  quenching t d  room 
tem pera tu re  and produce th e  LT endotherm du ring  the  DSC experim ent. 
Annealing a t  h ig h e r  tem pera tu res  causes the  same p a t t e r n  o f  behav iou r 
except t h a t  th e  m a te r ia l  unable to  c r y s t a l l i z e  a t  th e  an n ea lin g  
tem pera tu re  becomes l e s s  co n cen tra ted  in  branched m olecu les . 
Consequently th e  tem pera tu re  a t  which t h i s  m a te r ia l  c r y s t a l l i z e s  
du r ing  quenching in c re a se s  from 84°C to  90°C and th en  to  95 °C.
Annealing a t 110°C appears to  cause a fundamental change in  morphology, 
as none o f  th e  m a te r ia l  appears to  be ab le  to  c r y s t a l l i z e  a t  th e  
an nea ling  tem p era tu re ,  bu t s e p a ra te s  in to  two phases, bo th  o f  which 
c r y s t a l l i z e  du ring  quenching but a t  d i f f e r i n g  te m p e ra tu re s .
The term  m elting  used above in  r e l a t i o n  to  th e  l e a s t  s t a b l e  
c r y s t a l s ,  does not n e c e s s a r i ly  imply complete fu s io n  o f  th e  c r y s t a l s ;  
i t  i s  p o s s ib le ' . th a t  only p a r t i a l  m elting  le a d in g  to  in c re a se d  m olecu lar 
m o b il i ty  o ccu rs .
The above accounts i l l u s t r a t e  th e  com plexity  o f  th e  s i t u a t i o n ,  
where th e  s t r u c tu r e  and morphology o f  th e  annealed specimen may change 
even du rin g  th e  DSC scan, m a k in g 'in te r p re ta t io n 1 o f  the  r e s u l t s  more 
d i f f i c u l t .  To overcome t h i s  problem a number o f  DSC experim ents  have 
been performed on i r r a d i a t e d  specimens. I r r a d i a t i o n  o f  p o ly e th y len e  
produces c r o s s l in k s  in  th e  c r y s t a l l i n e  phase th u s  i n h i b i t i n g  g re a t  
m olecular m o b il i ty  during  th e  DSC ..scan. The experiment t h e r e f o r e  
samples th e  m a te r ia l  in  a s ta b le  s t a t e  making i n t e r p r e t a t i o n  l e s s  
ambiguous. (103, 148) .
5*6. Conclusions
Annealing o f  o r ie n te d  po lye thy lene  i s  shown to  be a j ise fu l  
method o f  inducing  a c o n t r o l le d ,  re p ro d u c ib le  and m acroscop ica lly  
homogeneous deformation* The combination o f  m icroscopic  and 
macroscopic a n a ly t i c a l  te ch n iq u es  p rov ides  a u s e fu l  m onitor on th e  
changes o ccu rr in g  du r ing  a n n ea l in g .  D i f f e r e n t i a l  scanning  c a lo r im e try  
o f  m e tas tab le  systems y i e l d s  ambiguous d a ta  and a l t e r n a t i v e  methods 
o f  measuring th e  la m e l la r  fo ld  le n g th  such as laser-Ram an spec tro sco p y  
a re  to  be recommended. See Chapter 8 .
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T able 5 .1
The e f f e c t  o f  a n n e a l in g  tim e ( t )  on th e  te m p e ra tu re  d i f f e r e n c e  
(AT) and th e  peak h e i g h t  r a t i o s  between th e  HT and LT endo therm ic  
p e a k s .
t  AT R a t io
( h r s )  ' ' (deg C) LT : HT
0 .5  \  7>k 1 : k .9
1 10.0  1 : 5 .8
2 1 0 .5  1 : 6 .5 ;
72 1 3 .0  1 : 9 .6
CHAPTER 6 
E l a s t i c  Constant Measurement
6 .1 .  I n t r o d u c t io n  .
In  t h i s  c h a p te r  th e  r e s u l t s  o f  th e  experim ents to  measure th e  
v a r i a t io n '  o f  e l a s t i c  c o n s ta n ts  w ith annea ling  tem pera tu re  f o r  th r e e  
d i f f e r e n t  g rades  o f  po lye thy lene  are  p re se n te d .
6 .2 .  Experim ental Method.
As desc rib ed  in  Chapter 3» fo u r  d i f f e r e n t  methods to  measure 
u l t r a s o n ic  v e lo c i ty  were a v a i l a b l e .  Only the  c o n tac t  probe method 
was found to  be s u i ta b le  in  term s o f  accuracy  and r e p r o d u c i b i l i t y  
o f  r e s u l t s .  Consequently a l l  th e  r e s u l t s  p resen ted  in  t h i s  c h a p te r  
were determ ined by th e  c o n tac t  probe method.
6 .3 .  Grades o f  po ly e th y len e  measured
' 3 ■ * (
Three grades  o f  po lye thy lene  were measured by t h i s  method;
R igidex 9$ R igidex  2000 and Alkathene ¥JG 11. A ll th e s e  m a te r ia l s  ’ 
were drawn a t  e lev a fed  tem p era tu res  o f  70°C, 75°0 and 55°0 
r e s p e c t iv e ly ,  to  produce v o id - f r e e  m a te r ia l .  A s e r i e s  o f  
measurements was attem pted on specimens o f  R ig idex  2000 which had 
been drawn a t  20°C, bu t no meaningful r e s u l t s  could be o b ta in ed  due 
to  th e  low am plitude and severe  d i s t o r t i o n  o f  th e  s ig n a l  r e c e iv e d .
This was a t t r i b u t e d  to  s c a t t e r i n g  o f  th e  p u lse  by th e  v o id s .
Specimens cu t from .the  drawn s t r i p  were annealed a t  v a r io u s  
tem pera tu res  between the  o r ig in a l  drawing tem pera tu re  and t h e i r  
m elting  p o in t ,  and t h e i r  e l a s t i c  c o n s ta n ts  de term ined . For most 
•of th e  R ig idex  2000 annealing  s e r i e s ,  a l l  n ine  o f  th e  e l a s t i c  c o n s ta n ts
were de term ined . For th e  R ig idex  9 and Alkathene annea lin g  s e r i e s
only r e c ta n g u la r  b locks  i . e .  Type A specimens were p repared  and hence
*  i
only s ix  e l a s t i c  c o n s ta n ts  were measured. Ho shear waves could
be propagated through any o f  th e  specimens in  th e  Alkathene; an n ea l in g
s e r i e s ,  by e i t h e r  th e  c o n tac t  probe or immersion techniques'* The
f a i l u r e  of low d e n s i ty  po lye thy lene  to  propagate  shear  waves, has
been noted by o th e r  au th o rs  and i s  a t t r i b u t e d  to  th e  h igh  i n t e r n a l
damping c h a r a c t e r i s t i c s  o f  the  polymer (92,99?149)*
6.4* R e su l ts
The v a r i a t i o n  o f  th e  e l a s t i c  c o n s ta n ts  w ith  annea lin g  tem p era tu re  
f o r  th e  R igidex 2000 s e r i e s  i s  shown in  F igure  6 .1 and c 22^ ’
F igure  6 .2 .  ( c ^ ) $  F igure  6.3* and c ^ ) ;  F igure  6 .4  Cc g g )5
and F igure  6.5* ( c^2 ci3  anc  ^ c23^ * The r e s u l t s  fo r  th e  R ig idex  9 
s e r i e s  a re  shown in  F igu re  6 .6 .  ( ° -q  and c22  ^’ F igure  6.3*
F igu re  6 .7  ( c^  an<^  an  ^ 6 .8 .  ( c£g)« The r e s u l t s
o f  th e  Alkathene s e r i e s  a re  shown in  F igu re  6 .9  ( c ; q 5 C22* an  ^ °33^*
The lo n g i tu d in a l  and shear  wave v e l o c i t i e s  o f  th e  th r e e  g rades  
o f  p o lye thy lene  in  th e  i s o t r o p i c  s t a t e  a re  shown in  Table 6 . 1 . ,  
to g e th e r  w ith  th e  e l a s t i c  c o n s ta n ts  °44 an^ C12 ¥^ ere
°12 -  C11 *” ^°44’ com pletely  d esc r ib e  th e  e l a s t i c  p r o p e r t i e s
o f  th e  i s o t r o p ic  s t a t e .
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T ab le  6 .1
U l t r a s o n i c  l o n g i t u d i n a l  and s h e a r  wave v e l o c i t i e s  and th e  e l a s t i c  
c o n s t a n t s  o f  i s o t r o p i c  spec im ens o f  th e  g ra d e s  o f  p o ly e th y le n e  
u se d  i n  t h i s  study*
A lk a th en e  WJG 11 
E ig id e x  2000 
E ig id e x  9
D e n s i ty  VL Vg C12
(kgm- ^) (ms- 1 ) (ms- 1 ) (GPa) (GPa) (GPa)
916 20% -  3 .87
959 2V76 1033 5 .88  1 .0 2  3 .8 3
•966 2543 1088 6 .25  1 .1 4  3 .96
CHAPTER 7
V a r ia t io n  of E l a s t i c  C onstan ts  w ith  Annealing Temperature
7*1* In t ro d u c t io n
The p r in c ip a l  aim o f  t h i s  s tudy was to  r e l a t e  th e  m icro- 
s t r u c tu r e  to  th e  p r o p e r t i e s  o f  an o r ie n te d  s e m ic r y s ta l l in e  polymer. 
I f  th e  b a s ic  e lem ents o f  th e  m ic ro s tru c tu re  are  known, th en  a 
model may be developed to  r e p re s e n t  th e  system . The success  o f  
such a model may th e n  be gauged by comparing i t s  p r e d ic t io n s  w ith  
experim en ta l measurements.
To p r e d ic t  a c c u ra te ly  th e  aggregate  p r o p e r t i e s  o f  a m ultiphase  
composite system, a number o f  f a c to r s  need to  be known. In  
a d d i t io n  to  th e  in t r in s ic *  p r o p e r t i e s  o f  each phase (and in  
p a r t i c u l a r  t h e i r  o r i e n ta t i o n )  th e  p ro p o r t io n  and s p a t i a l  e x te n t  o f  
each phase and t h e i r  bonding i s  r e q u ire d  (150? 15 l)*  . S evera l o f  
th e se  param eters  a re  ex p e r im en ta l ly  i n t r a c t a b l e  a t  p r e s e n t ,  
p a r t i c u l a r l y  de te rm in ing  th e  n a tu re  o f  th e  phase bonding. The 
m a jo r i ty  o f  th e  s tan d a rd  m orphological tech n iq u es  p rov ide  more 
in fo rm a tio n  on th e  n a tu re  of th e  c r y s t a l l i n e  phase th a n  on th e  
amorphous phase . A n o tab le  excep tion  to  t h i s  i s  i n f r a - r e d  
a b so rp t io n 1 measurements which may (under c e r t a i n  c o n d i t io n s )  
p rov ide l im i te d  in fo rm atio n  on th e  r e l a t i v e  or a b so lu te  o r i e n t a t i o n  
o f  bo th  p h ases .  ' The la c k  o f  in fo rm a tio n  e x t r a c t a b l e  from th e  
amorphous phase p r o h ib i t s  th e  acc u ra te  p r e d ic t io n  o f  th e  p r o p e r t i e s  
of  th e  com posite, u n le s s  th e  p r o p e r t i e s  o f  th e  amorphous phase can 
be in f e r r e d  by s u b t r a c t io n  o f  th e  c r y s t a l l i n e  c o n t r ib u t io n  from 
th e  t o t a l  re sp o n se .  .
H i s t o r i c a l l y ,  th e  development of models to  p r e d ic t  mechanical 
behav iour has been in f lu en c ed  by th e  contemporary view o f  th e  m icro-
I
s tru c tu re *  Takayanagi e t  a l  (152) developed a s e r i e s - p a r a l l e l
model o f  c r y s t a l l i n e  and amorphous phases which b ro ad ly  p re d ic te d
i
th e  complex moduli o f  drawn s e m i - c r y s ta l l in e  polymers* The| micro­
s t r u c tu r e  was r e l a t e d  to  Eosemanns model which was based p r im a r i ly  
on X-ray d i f f r a c t i o n  experim ents ( l 5 3)* When th e  l a m e l l a r  n a tu re  
o f  o r ie n te d  polyraeis was p roposed  Maeda e t  a l  (154) developed a 
model to  p r e d ic t  th e  compliance c o n s ta n ts  o f  th e  composite* They 
conside red  th re e  d i f f e r e n t  s p a t i a l  c o n f ig u ra t io n s  of th e  amorphous 
m a te r ia l  which surrounds th e  c r y s t a l l i t e s ,  one o f  which was extended 
by Buckley ( 155) to  p r e d ic t  therm al expansion c o e f f i c i e n t s *  He 
ob ta ined  good:q u a l i t a t i v e  agreement between th e  model p r e d ic t io n s  
and th e  r e s u l t s  o f  measurements made on o r ie n te d  p o ly e th y len e  sheet*
In  th e  l a t t e r  two models th e  c r y s t a l l i n e  phase was cons ide red  
to  have th e  dominant e f f e c t  on th e  o v e ra l l  p r o p e r t i e s  and th e  r o l e  
o f  th e  amorphous m a te r ia l  was somewhat neglected* The symmetry o f  
th e  c r y s t a l l i n e  phase was assumed to  be- orthorhombic w h i l s t  th e  
amorphous phase was cons ide red  to  be i s o t r o p i c .
In  view o f  th e  r e s u l t s  o f ‘v a r io u s  i n f r a - r e d  a b so rp t io n  
measurements, d e ta i l e d  l a t e r ,  \ i f  i s  apparen t t h a t  th e  amorphous 
phase o f  an o r ie n te d  polymer has d i s t i n c t  o r i e n ta t i o n ,  and th e r e f o r e  
in  th e  model proposed below, th e  amorphous phase i s  co n s id e red  to  
p o ssess  hexagonal symmetry. The j u s t i f i c a t i o n !  fo r  choosing  
hexagonal r a t h e r  th a n  orthorhombic symmetry i s  twofold* F i r s t l y ,  
th e  measured e l a s t i c  c o n s ta n ts  in d ic a te  t h a t  th e  aggregate  symmetry 
approxim ates to  hexagonal. Secondly, u n ia x ia l  drawing o f  i n i t i a l l y
i s o t r o p i c  .po lyethylene i s  known to  produce f i b r e  s t r u c t u r e ,  i . e .  
hexagonal symmetry ( e .g .  156). A f u r th e r  deform ation , u s u a l ly  u n ia x ia l  
r o l l i n g ,  i s  r e q u ire d  to  produce an o rtho rhom bica lly  symmetric s t r u c t u r e .
■ i
The concept o f  a s s ig n in g  symmetry to  the  amorphous phase do^s not 
. 1 
immediately imply a t r a n s i t i o n  to  c ry  s t a l l  in5.ty or p a r a c i 'y s t a l l i n i t y
but t h a t  th e r e  i s  a d i s t i n c t  p r e fe r r e d  o r i e n t a t i o n  w ith  i n t e r m i t t e n t
loca le  o rd e r .
The m athem atical b a s i s  o f  the  model w i l l  now be e s ta b l i s h e d  and 
i t s  e l a s t i c  c o n s ta n ts  e v a lu a te d .
7*2. The Composite Model — A nalysis
The model i s  shown in  F igure  7*1* and. c o n s i s t s  o f  a  s ta c k  o f  
p a r a l l e l  a l t e r n a t i n g  c r y s t a l l i n e  (c) and amorphous (a ) l a y e r s .  The 
C a r te s ia n  axes 1 ,2  and 3 d e f in e  th e  o r ie n ta t io n -  o f  th e  model and 
in; th e  r e a l  drawn s t r i p  w ith  a p a r a l l e l  l a m e l la r  morphology a x is  1 
i s  p a r a l l e l  to  X, a x is  2 i s  p a r a l l e l  to  Y and ax is  3 i s  p a r a l l e l  to  
Z and n^ .
Hooke*s law p ro v id es  th e  r e l a t io n s h i p  between th e  imposed s t r e s s
-and th e  r e s u l t i n g  s t r a i n  as
i  “ • ° i j '  ' j  (7 .1 )• /
Expanding t h i s  eq u a tio n  f o r  th e  c r y s t a l l i n e  and amorphous phases
~ <J ~
1C " c n c °12C C13C 0 0 0 e 1C
°*2C C12C °22C ° 23C 0 0 0 f 2C
a 3G °13C °23C °33C 0 0 0 •e 3C
0b 0 0 0 °44C 0 0 - . 6 40
cr5C 0 0 0 0 C55C 0 - ■ £ 5C
‘"do O 0 0 0. 0 C66C * ' e 6C
( 7 . 2)
<r
l a Cl l a °12a °13a 0 0 0
€
l a
C 2a C12a Gl l a °13a 0 0 0 6 2a
a *>3a 13a 13a 33a 0 0 0 € 3a
^ 4 a
ss 0 o 0 °44a 0 0 e 4a
c 0 - 0 0 0 44a 0
'
€ 5a
<r
6a 0 0 0 0 0 G66a 6a
vhe re  C66a = 12b)
The a p p lied  s t r e s s  <r i s accommodated; in  th e amorphous and
(T o
c r y s t a l l i n e  r e g io n s  as
V O -  +  V 0-c l c  a  l a
V  o \  +  Vc 2c a  2a
3c
4c
3a
4a
(7-4)
(7.5)
(7.6)
(7.7)
a  5 “ ■ ° 5 o  = 5= ' (7-8)
6 " V 6 c  + V 6 a  (7 ,9)
where v = 1 -  v  and v  i s  th e  volume f r a c t i o n  o f  th ea  c c
c r y s t a l l i n e  phase#
S im i la r ly  i f  th e  c r y s t a l l i n e  phases a re  p e r f e c t l y  "bonded to g e th e r  
i n  th e  12 plane# th e n  e i s  r e l a t e d  to  . € and € as
ct C
l c l a (7 .1 0 )
G 3 v + v « c 3c a 3a . ( 7 . 12)
G4 .
= V £ ,  +. V .c /fC a • i+a ( 7 . 1 3 )
6  5
B v  e c + vc ; c  a  qa ( 7 . 14)
e 6 “ ^  6c ~ ^ 6 a ( 7 .1 5 )
By expanding eq u a tio n s  (7*2) and (7*3) and s u b s t i t u t i n g  from 
e q u a tio n s  (7 .4 )  to  ( 7 »15) ? i t  i s  p o s s ib le  to  o b ta in  th e  e l a s t i c  
c o n s ta n ts  o f  th e  composite i n  term s o f  th o se  o f  th e  k  and C p h a se s .  
E x p l i c i ty
2= :-v C_. '+ v  C.- -  (C'_ -  C_ ■)'11 c 11c a 11a 13a_____13o
/ C-0 + G_ _[ 33a 33c
\  v v\  a c )
(7 .1 6 )
G' = v  C„„ + v C „  -  (CT_ -  C„, )22 c 22c a 11a 13a_____ 23c y
(
(7 .1 7 )
c , i  + c » '33a 33c
v va c
5=1 /  Vr> ' > Vn \  ""1 (7*18)33 I c -s* a
\  C33c . °33a
°44 f l o _  , J a  V 1 ' ' (7*19)
\  C44c C44a /
°55 “ /  Vc + v a V -1  (7 .2 0 )
\ ° 5 5 c  C44a /
C66 = vc C66c + v a ° 6 6 a  ( 7 ' 2 l )
°12 ■ Vo C12o + Va  °12a * ,^ C13o ~ °13a ^ ° 1 3 a  ~ C23o)
/  C33a + C33c \
V Va Vc /
C = /  v C_ + v C_. \  / ' v1 8 | °  13c a 13a j (7 .2 3 )
V °33c_________ . °33a /  •
V Vc 4. a
°33c C33a
I f  th e  v a lu e s  o f  th e  v a r io u s  e l a s t i c  c o n s ta n ts  a re  known, th e n  
th e s e  ex p ress io n s  may he g r e a t l y  s im p l i f ie d  hy n e g le c t in g  th e  
in s i g n i f i c a n t  terms* A number o f  a t tem p ts  have been made to  
e v a lu a te  t h e o r e t i c a l l y  th e  e l a s t i c  c o n s ta n ts  o f  p o ly e th y len e  c r y s t a l s .
Two o f  th e  more complete t re a tm e n ts  a re  due to  Odajima and Haeda ( 42) 
and Wobser and B lasenbrey  (43)•  f&e r e s u l t s  of t h e i r  c a l c u l a t i o n s  
a re  shown in  Table 7*1* Wobser and B lasenbery  used a  l a r g e r  
summation zone in  t h e i r  c a l c u la t io n s  and consequen tly  t h e i r  v a lu e s  
a re  in  g e n e ra l  somewhat h ig h e r .
O ther au th o rs  have made t h e o r e t i c a l  c a lc u l a t i o n s  o f  th e  Young's 
moduli o f  p o lye thy lene  c r y s t a l s  p a r a l l e l  to  th e  ja, Tq, and _c u n i t  c e l l
3
d i r e c t io n s .  These are  termed E , E, , and E in  Table 7*2. Thea b 7 c
eq u a tio n s  r e l a t i n g  th e  Young’ s moduli E^, B^, and E^ to  th e  compliance 
c o n s ta n ts  s- • and th e  e l a s t i c ' c o n s t a n t s  3 . . a re  shown i n  Appendix A . I .
The Young’ s moduli E , E^ and E have a lso  been measured u s in ga d c .. : -
X-ray d i f f r a c t i o n  te ch n iq u es  and t h e i r  v a lu e s  a re  a lso  shown i n  Table  7*2. 
The experim enta l techn ique  used to  o b ta in  th e se  measurements in v o lv e s  
de te rm in ing  th e  s t r a i n  in  th e  c r y s t a l l i n e  l a t t i c e  by m easu rin g  th e  
change in  th e  u n i t  c e l l  param eters  a .fter  app ly ing  a known s t r e s s  to  
th e  specimen. Although th e  s t r a i n  may be determ ined v e ry  a c c u r a te ly ,  
th e  s t r e s s  d i s t r i b u t i o n  over th e  l a t t i c e  i s  Linknown and i s  u s u a l ly  
assumed to  be equal to  th e  macroscopic s t r e s s .  . One s tudy  (157) ,
however, found t h a t  f o r  th r e e  specimens w ith  d i f f e r e n t  p r e p a ra t io n
h i s t o r i e s  whose Young*s moduli v a r ie d  from 0 .6  GPa to  14*7 GPa, each
had th e  same l a t t i c e  modulus, E , o f  240 GPa, which i s  somewhatc
s u r p r i s in g .
The c a l c u l a t i o n  o f  th e  e l a s t i c  c o n s ta n ts  o f  th e  amorphous phase 
i s  hampered by th e  la c k  o f  knowledge o f  i t s  micro s t r u c t u r e .  The 
Young’s modulus o f  a Van der Waal *s s o l id  i s  about 4 GPa, b u t ,  
acco rd ing  to  one th e o ry  (165) th e  h indrance  toabond r o t a t i o n  i s  
th e  dominant f a c t o r  in  th e  e l a s t i c  response  o f  a gle^ssy amorphous 
polymer. Hence th e  t h e o r e t i c a l  t e n s i l e  modulus i s  5*7 GPa ( 165) .  
Experim ental measurements to  determ ine th e  sh ea r  modulus o f  i s o t r o p i c  
p o lye thy lene  g ive  a va lue  o f  1 GPa ( 166, 167) .  Assuming a v a lu e  o f  
P o is s o n ’s r a t i o  o f  0 ,4  ( 167) ,  t h i s  g iv e s  v a lu e s  f o r  th e  e l a s t i c  
c o n s ta n ts  o f  c ^  = 6 .0  GPa, c ^  = 4*0 GPa and c ^  = 1 .0  GPa ( l 6 8 ) .
Using th e se  t h e o r e t i c a l  v a lu e s  o f  th e  e l a s t i c  c o n s ta n ts  o f  th e  
c r y s t a l l i n e  and amorphous phase, th e  e x p ress io n s  f o r  th e  e l a s t i c  
c o n s ta n ts  o f  th e  model may now b'e s im p l i f i e d :
2C = v C__ * v  C__ (C_ _ -  C. _ )11 c 11c a 11a 13a 13c7
(
(7*
+ £ 3^0
v va c
The c r y s t a l l i n i t y  o f  th e  specimens i n  th e  R ig idex  9 and
R ig idex  2000 s e r i e s  was d e r iv ed  from d e n s i ty  measurements a.nd was
t y p i c a l l y  around v = 0 .8 ,  henc*e v « 0 .2 .  The denom inator o f .c a
th e  t h i r d  term  on th e  RHS o f  eq u a tio n  (7-1*6) i s  th e r e f o r e  v ery  l a r g e  
compared w ith  the  numerator and hence t h i s  term may be n e g le c te d .
As w i l l  be d iscu ssed  more f u l l y  l a t e r  in  S ec tio n  7*3.1*
the  amorphous phase a f t e r  drawing has d i s t i n c t  o r i e n t a t i o n .
Consequently th e  e l a s t i c  c o n s ta n ts  quoted above fo r  i s o t r o p i c
I
amorphous p o lye thy lene  w i l l  not s t r i c t l y  app ly . Measurements 
o f  th e  v a r i a t i o n  o f  e l a s t i c  c o n s ta n ts  w ith  o r i e n ta t i o n  f o r  I 
amorphous p o ly s ty ren e  show t h a t  th e  t r a n s v e r s e  e l a s t i c  c o n s ta n t  
(?11 i s  r e l a t i v e l y  i n s e n s i t i v e  to  o r ie n ta t i o n  ( 7 4 ) .  Hence
to  a f i r s t  approxim ation th e  i s o t r o p ic  e l a s t i c  c o n s ta n ts  w i l l
apply and th e re fo re ,  th e  second term of  equa tion  ( 7 .16) may a lso  
be n eg lec ted  to  leave
C11 * .  v o Cl l c  . C '2 5 )
By s im i la r  reaso n in g ,  equa tion  (7-17) m&y be s im p l i f ie d
to
°22 “  Vo C22c ■ ( 7 ' 26>
The model g iv e s :
°33 " /  I c _  + . f a .
°33° °33a
( 7 . 18)
The va lue  of C' when th e  amorphous phase i s  o r ie n te d  could 33&
be expected to  inc rease ' by about 300^ ( 169) to  say C^_ ( o r ie n te d )  = l8GPa
332 -
Taking an average va lu e  f o r  ^rom 7*1. of  300 GPa, th e n
i t  i s  seen t h a t  th e  dominant term of  eq u a tio n  (7*18) i s  th e  second. 
Consequently
°33 «  °33a (7 .27 )
Va
An?, a l t e r n a t iv e  approach to  th e  d e te rm in a tio n  o f  th e  dominant
term in  th e  model ex p ress io n  f o r  C__ i s  to  ev a lu a te  C._ u s in g  a33 • 33a
t h e o r e t i c a l  va lue  fo r  G ^ c and ex p er im en ta lly  measured v a lu e s  o f
v , v , and C Taking ty p i c a l  experim enta l v a lu es  o f  Cor) = 15 GPa& c 33 33
and v  = 0 * 8 ,  th e n  C = 3,1 GPa, T h e re fo re ,  assuming t h a t  th ec 33a
model i s  a reasonab le  r e p r e s e n ta t io n  o f  th e  specimen and t h a t  th e
t h e o r e t i c a l  va lue  o f  i s  c o r r e c t ,  th e n  i t  i s  c l e a r  t h a t  th e33c
approxim ation shorn in  eq u a tio n  ( 7 *26) i s  j u s t i f i a b l e .
°44 ° / Vo + va  V 1 (7 .1 9 )
I G44c G44a
Taking an average t h e o r e t i c a l  va lue  o f  = lGPa and
C . .  = lGPa, th e n  th e  term s vary  in  th e  r a t i o  of  v and v •44a ’ ■ c a
Consequently th e  f i r s t  term te n d s  to  dominate f o r  polymers o f  h igh  
c ry  s t  a l l  i n i t y  •
Hence
C //  ~  ‘44 ^  44c
vc
C „  = /  v  v  ' _1
( 7 . 28)
55 ~ • / _ _ c _  + _ j l _ \  (7*20)
55c C44a
Taking an average t h e o r e t i c a l  va.lue o f  -  3*00 GPa and
G44a ~ ^ a specimen w ith  c r y s t a l l i n i t y  vq = 0 .8 ,  th e
terms are  approxim ately  equa l,  and th e re  i s  no j u s t i f i a b l e  s i m p l i f i ­
c a t io n  o f  th e  e x p re ss io n .  * ,
C66 “ v o C66o + v a  C66a ( 7 - 21)
An av erage-t h e o r e t i c a l  va lu e  o f  i s  4 GPa and hence f o r  .
v = 0 . 8 , th e  f i r s t  term  i s  dominant, c •
Hence
C66 vo C66e- ■' 0 . 2 9 )
Examining th e  t h i r d  term  o f  equa tion  (7*22), i t  i s  immediately 
obvious t h a t  th e  denominator i s  very  much l a r g e r  th an  th e  num erator. 
Using t h e o r e t i c a l  v a lu e s  f o r  th e  e l a s t i c  c o n s ta n ts  th e  t h i r d  term  i s  
0.004 GPa; th e  second term i s  about 0 .8  GPa and th e  f i r s t  term  i s
3 .2 .  GPa.
Hence th e  e x p ress io n  may be s im p l i f ie d  to
Using t h e o r e t i c a l  v a lu e s  f o r  th e  e l a s t i c  c o n s ta n ts  in  th e  
above ex p ress io n  then*
0.12 ( 7 . 30)
C13
(7 .2 3 )
c13 0 . 013 + 0.26  !0I 0026 + 0.066 ! GPa ( 7 . 31)
From eq u a tio n  (7*31) i t  may be seen th a t  th e  second te rm  Of
th e  denominator and th e  second term  of th e  numerator dominate and.
hence
Follow ing a s im i la r  re a so n in g  to  t h a t  above fo r  ^ 3’ i t  i s  
found t h a t  th e  second term in  th e  numerator and denominator dominate 
and hence
, c 23 “  C13a (7 .33 )
The approximate ex p ress io n s  fo r  th e  e l a s t i c  c o n s ta n ts  o f  the  
model a re  shown below
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i
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v G. 0 c 12c
“1
'23 13a
(7 .25 )
(7 .26 )
(7 .27)
, (7 .28)
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(7 .2 0 )
(7-29) 
(7 .30 )  
( 7 .3 2 ) ,  (7 .3 3 )
7 . 3 . Comparison o f  model p r e d ic t io n s  w ith  experim ental r e s u l t s
- The e l a s t i c  c o n s ta n ts  o f  th re e  grades o f  p o lye thy lene  were 
measured and th e  r e s u l t s  are  shown in  Chapter 6 . In  general*  a l though  
th e  num erical v a lu es  d i f f e r e d ,  th e  v a r i a t i o n  o f  e l a s t i c  constan t 's  
w ith  annea ling  tem pera tu re  of Rigidex 9 and R igidex  2000 was s im i l a r .  
Somewhat d i f f e r e n t  behaviour was seen f o r  th e  low d e n s i ty  p o ly e th y len e  
A lkathene. Each o f  th e  e l a s t i c  c o n s ta n ts  i s  d iscu ssed  below.
7 .3 .1 _33
The v a r i a t io n  o f  w ith  drawing and subsequent a u n ea lin g  was 
q u i te  rem arkaH e . Taking the  behaviour o f  R igidex 9 as an example
r i s e s  from an i s o t r o p ic  va lue  o f  about 6 GPa to  59 GPa a f t e r
drawing to  x l8 ;  and then  f a l l s  to  about 5 GPa a f t e r  annea ling  a t
136°C*. Drawing to  x25 r e s u l t s  in  -  72 GPa, which is j33 i
e q u iv a le n t  to  a Young’ s modulus o f  69 GPa* This  comes in  (the■i
I
range o f  u l t r a - h ig h  draw r a t i o s  and moduli t h a t  have- been prepared 
in  v a r io u s  l a b o r a t o r i e s  ' (45~6o).
The v a r i a t i o n  o f  w ith  draw r a t i o  f o r  R igidex 9 and 
Alkathene i s  shown in  F ig u res  7»2. and 7*3<» re sp e c t iv e ly *  The 
i s o t r o p i c  v a lu es  fo r  th e  m a te r ia l  are  a lso  p lo t te d  and th e  va lue  
o f  C.^ f 03? R igidex  2000 drawn to  x7 i s  a lso  shown in  F ig u re  7*2*
I t  i s  c l e a r l y  seen t h a t  f o r  R igidex 9» G__ i s  a s in g le  valued  fu n c t io n
. 33
o f  draw r a t io *
. Such la r g e  changes in  during  drawing and an n ea l in g  ought 
to  be r e f l e c t e d  in  a change in  m ic ro s tru c tu re*  A p o ly e th y len e  
molecule i s  in h e re n t ly  a n is o t ro p ic  due to  s tro n g  co v a len t bonding 
between th e  carbon atoms in  th e  chain  backbone* This  a n i s o t r o p y  
may be e x p lo i te d  i f  th e  m olecules can be a ligned  p r e f e r e n t i a l l y  
in  a p a r t i c u l a r  d i r e c t io n ,  such as occurs du ring  u n ia x ia l  draw ing. 
Obviously any subsequent d i s o r i e n t a t i o n  would tend to  reduce th e
a n iso tro p y  and any p r o p e r t i e s  a s s o c i a t e d  w ith  | o r i e n ta t i o n .
The o r i e n ta t i o n  of the  c r y s t a l  phase was monitored th roughou t 
th e  drawing and annea ling  t re a tm e n ts  by wide angle X~ra.y d i f f r a c t i o n -  - 
and was judged by th e  c i r c u m fe re n t ia l  spread o f  the  (200) a rc s  
around th e  (200) d i f f r a c t i o n  r in g  on d i f f r a c t i o n  p a t t e r n s  tak en  
w ith  th e  in c id e n t  beam p a r a l l e l  to  X or Y* For th e  two h igh  d e n s i ty  
g rades  examined, th e  c r y s t a l l i n e  o r i e n ta t i o n  o f  £  p a r a l l e l  to  Z was 
m aintained fo r  the  m a jo r i ty  of th e  annea ling  ran g e .  Only f o r  th e
h ig h es t  tempera/fcures did th e  £  a x is  o r i e n ta t i o n  beg in  to  be lo s t*  
This i s  i l l u s t r a t e d  in  F ig u res  4*19 and 4*24*
The low angle X-ray d i f f r a c t i o n  p a t t e r n s  show t h a t  th e  lam e lla  
fo ld  le n g th  in c re a s e s  w ith  in c re a se  in  annea ling  te m p era tu re ,  and 
t h a t  th e  c r y s t a l l i n e  and amorphous phases become more d i s t i n c t ,  
r e s u l t i n g  in  in c reased  d e f in i t io n *  X-ray d i f f r a c t i o n  s tu d ie s  do 
not show, t h e r e f o r e ,  any th ing  t h a t  could c o n t r ib u te  to  such la rg e  
changes in  C^^*
To sp e c ify  com plete ly  th e  o r i e n ta t i o n  o f  a s e m i - c r y s ta l l in e  
polymer, th e  o r i e n t a t i o n  fu n c t io n s  o f  both th e  c r y s t a l l i n e  and 
amorphous phases need to  be defined* The most common method o f  
de te rm in ing  the  c r y s t a l l i n e  o r i e n ta t i o n  fu n c t io n  i s  by X-ray 
d i f f r a c t i o n ;  see ,  f o r  example (117)• The average o r i e n t a t i o n  o f  
the  m olecules i s  o f te n  d esc rib ed  by a function* o f  th e  form
f ,  . = i ( 3  < cos20 > . v -1 )
where p i s  th e  angle between a re fe re n c e  ax is  in  th e  specimen 
and th e  cha in  a x i s .  Such a fu n c t io n  i s  not so e a s i l y  determ ined 
f o r  th e  amorphous phase* Many methods e x i s t  which a ttem pt to  
measure th e  amorphous o r i e n ta t i o n ,  some o f  th e  more common be ing  
b i r e f r in g e n c e ,  i n f r a - r e d  d ich ro ism  and th e  u l t r a - v i o l e t ;  d ichro ismI
o f - a d d i t iv e s  ( l 7 0 ) .  In  th e  case of a s e r a i - c ry s ta l l in e  polymer th e  
t o t a l  b i r e f r in g e n c e  measured i s  a summation o f  th e  b i r e f r in g e n c e  o f  
the  c r y s t a l l i n e  and amorphous phases an d . . th e ir  i n t e r a c t i o n .  Hence 
de te rm in ing  th e  amorphous o r i e n ta t i o n  in v o lv es  s u b t r a c t in g  th e  
c o n t r ib u t io n  from th e  c r y s t a l l i n e  phase and th e  i n t e r a c t i o n  o r  form 
b i r e f r in g e n c e  a r i s i n g  from th e  crysta l-am orphous boundaries*  In  one
experiment u s in g  a low d e n s i ty  p o ly e th y len e ,  i t  was found t h a t  th e  
form b ir e f r in g e n c e  c o n tr ib u te d  about 10$> o f  th e  t o t a l  (171 ).
S im ila r  d i f f i c u l t i e s  o f  i n t e r p r e t a t i o n  are  found i f  tjie  amorphous
o r i e n t a t i o n  i s  measured by r a d i a t i o n  s e n s i t i v e  dyes, as a niWber o f
i
assum ptions have to  be made in c lu d in g ,  f o r  example, th e  s p a t i a l  
l o c a t io n  o f  th e  dye in  th e  polymer*
The most r e l i a b l e  method o f  o r i e n ta t i o n  measurement appears  
to  be i n f r a - r e d  d ich ro ism . P rov id ing  t h a t  phase s e n s i t i v e  a b so rp t io n s  
can be d e f in e d ,  t h i s  method has th e  advantage t h a t  bo th  th e  c r y s t a l l i n e  
and amorphous o r i e n ta t i o n s  can be measured s im u ltaneous ly  and 
independently* Comparisons o f  th e  c r y s t a l l i n e  o r i e n ta t i o n  determ ined 
by i n f r a - r e d  d ich ro ism  with t h a t  ob ta ined  by X-ray d i f f r a c t i o n ,  show 
v ery  good agreement (170).
I n  o rd e r  to  d e f in e  an a b so lu te  o r i e n ta t i o n  fu n c t io n  from an 
in f r a - r e d  a b so rp t io n  experiment invo lves  knowing th e  d i r e c t io n  o f  
th e  t r a n s i t i o n  moment w ith  r e s p e c t  to  a p a r t i c u l a r  r e fe r e n c e  ax is*
There i s  some confusion  in  th e  l i t e r a t u r e  as to  whether th e  d i r e c t i o n  
-of th e  t r a n s i t i o n  moment i s  known f o r  some o f  th e  absorbances 
r e s u l t i n g  from th e  amorphous phase- o f  p o ly e th y le n e .  Some a u th o rs  
m ain ta in  t h a t  th e  d i r e c t io n  i s  known and hence they  a re  a b le  to  
d e f in e  an ab so lu te  o r i e n ta t i o n  fu n c t io n  f o r  th e  amorphous phase ( 172)5 
o th e rs  c laim  t h a t  th e  d i r e c t io n  i s  unknown'1 and hence can only  d e f in e  
a  r e l a t i v e  o r i e n ta t i o n  fu n c t io n  (l73> 1 74) .  A r e l a t i v e  o r i e n t a t i o n  
fu n c t io n  may be d esc r ib ed  i f  some a r b i t a r y  s t a t e  o f  o r i e n t a t i o n  i s  
de f ined  as th e  standard., which f o r  u n i a x i a l l y  drawn polymers i s  
u s u a l ly  th e  f u l l y  drawn s ta te *
The o r ie n ta l; io n  fu n c t io n  f  i s  ob ta ined  from th e  d ic h r o r ic  r a t i o  3), 
where D “ - ^ l  ^ 1  ' ^11 ^s* a )^SOr^>ance a p a r t i c u l a r  band
when th e  r a d i a t io n  i s  p o la r iz e d  p a r a l l e l  to  th e  draw d i r e c t io n  and 
i s  th e  absorbance o f  th e  band when th e  r a d i a t io n  i s  p o la r iz e d  
p e rp e n d ic u la r ly  to  th e  draw d i r e c t io n  ( l7 5 )*  The o r i e n ta t i o n  
fu n c t io n  f  i s  th e n  d ef ined  as  -
7d -  1 \ k
D + 2 /
where k i s  a co n s ta n t  f o r  th e  absorbance 
band and i s  a fu n c t io n  o f  th e  t r a n s i t i o n  moment d i r e c t i o n .  The
r e l a t i v e  o r i e n ta t i o n  fu n c t io n  f o r  a specimen o f  draw r a t i o  A i s
th en ,
f r e l < » »
max
where f  i s  th e  o r i e n t a t i o n  fu n c t io n  max
of th e  specimen o f  maximum draw r a t i o .  This  method avoids  th e  
problem o f  de te rm in ing  k .
Glenz and P e t e r l i n  (173* 1-74) have s tu d ied  the  defo rm ation  o f
po ly e th y len e  du ring  u n ia x ia l  drawing and.subsequent an n ea l in g  by
in f r a - r e d  methods by measuring th e  o r i e n ta t i o n a l  changes in  th e
c r y s t a l l i n e  and amorphous p hases .  They accep ted  th e  c l a s s i f i c a t i o n
o f Krimm (176) arid Snyder (177) as to  th e  phase o r ig in  o f  th e  main
absorbance bands in  th e  po lye thy lene  spectrum . Glenz and P e t e r l i n
p lo t te d  th e  d ic h ro ic  r a t i o s  and r e l a t i v e  o r ie n ta t i o n  fu n c t io n s  o f
the  fo u r  p r in c ip a l  bands: th e  1894 cm ^ was chosen to  m onitor th e
o r i e n ta t i o n  o f  th e  CH  ^ groups w i th in  th e  c r y s t a l l i n e  phase and th e  
—11368 cm band to  monitor th e  o r i e n ta t i o n  of th e  CH  ^ groups i n  th e
-1  -1amorphous phase . Two a d d i t io n a l  bands a t  909 cm and 1375 cm
were examined to  record  the  o r i e n ta t i o n  o f  th e  v in y l  and methyl end 
groups r e s p e c t iv e ly .
i . , 
i >
Two grades o f  polymer were examined in  t h e i r  s tudy : ^ l i n e a r
po lye thy lene  w ith  fewer than  0*5 e th y l  groups per  1000 carbcjn atoms 
and a branched po lye thy lene  with about 7 e th y l  s ide  groups per  1000 
carbon atoms. The l i n e a r  polymer compares approxim ate ly  w ith 
R ig idex  9 and R ig idex  2000, th e  grades used in  t h i s  s tudy , having  
fewer th a n  0 ,3  and no methyl groups per  1000 carbon atoms r e s p e c t iv e ly  
(BP d a ta )  •
According to  ICI d a ta ,  Alkathene has about 28 e th y l  or b u ty l  
s id e  groups per 1000 carbon atoms, and so i t s  behaviour w i l l  p robably  
more c lo s e ly  resemble th e  branched po lye thy lene  examined by Glenz 
and P e te rL in .
T h e ir  i n i t i a l  experiment measured th e  d ic h ro ic  r a t i o  o f  th e  
fou r  chosen ab so rp tio n  bands as a fu n c t io n  o f  draw r a t i o .  The 
r e s u l t  s.,show th a t  f o r  both grades of polymer th e  d ichro ism  of  th e  
c r y s t a l l i n e  ab so rp tio n  reaches  a maximum a t  a draw r a t i o  o f  about 5? 
and th e n  remains c o n s ta n t .  The d ichroism  o f  the  o th e r  th re e  bands, 
however, continued to  in c re a se  up to  th e  maximum a t t a i n a b l e  draw 
r a t i o  o f  18. This  d i f f e re n c e  in  behaviour o f  the  c r y s t a l l i n e  and 
amorphous bands i s  seen more conv inc ing ly  when th e  r e l a t i v e  
o r i e n ta t i o n  fu n c t io n s  o f  the  fo u r  bands a re  p lo t te d  a g a in s t  draw 
r a t i o .  Two ma,in p o in ts  a re  n o t ic e a b le  i )  The r e l a t i v e  o r i e n t a t i o n  
fu n c t io n s  o f  th e  v in y l  and methyl bands fo llow  th a t  o f  th e  amorphous 
band. i i )  At any draw r a t i o  the  o r i e n ta t i o n  in  the  c r y s t a l l i n e
phase i s  d i f f e r e n t  from and g r e a te r  th an  th e  o r ie n ta t i o n  in  the
amorphous phase.
A f u r th e r  experiment by Glenz and P e t e r l i n  measured th e  
o r i e n ta t i o n  o f  th e  two phases a f t e r  specimens cut from th e  drawn 
s t r i p  were annealed . Graphs, o f  - the. r e l a t i v e  o r i e n ta t i o n  fu n c t io n  
p lo t t e d  a g a in s t  annea ling  tem pera tu re  show th a t  th e  o r i e n ta t i o n  of 
th e  ch a in s  in  th e  c r y s t a l l i n e  phase i s  re tadned  a t  i t s  as-drawn 
va lue  up to  annea ling  tem p era tu res  o f  about 115°C. At h ig h e r  , 
an n ea lin g  tem p era tu res  th e  c r y s t a l l i n e  o r i e n ta t i o n  i s  g ra d u a l ly  
l o s t .  These r e s u l t s  a re  in  exact accord w ith th e  form of  th e  
r e s u l t s  from w ide-angle  X-ray d i f f r a c t i o n  measurements made in  t h i s  
study  o f  th e  c r y s t a l l i n e  o r i e n ta t i o n  during  annea ling  (F ig u res  4*19 and 4«2
The in f r a - r e d  d ichroism  experim ents show th a t  th e  o r i e n t a t i o n  
o f  the  amorphous phase a lso  d ec rease s  as th e  ann ea lin g  tem pera tu re  
i s  r a i s e d ,  but a t  a d i f f e r e n t  r a t e .  The lo s s  o f  o r i e n ta t i o n  s t a r t s  
a t  th e  low est annea ling  tem pera tu re  used o f  50°C and c o n tin u es  th ro u g h ­
out th e  annea ling  ra n g e .  The o v e ra l l  p i c t u r e ,  th e n ,  i s  t h a t  th e  
c r y s t a l l i n e  o r i e n ta t i o n  rem ains .a lm ost c o n s ta n t  u n t i l  f a i r l y  high 
annea lin g  tem p era tu res  and then  i s  r a p id ly  l o s t ,  w h i l s t  th e  amorphous 
o r i e n ta t i o n  d ec rease s  g ra d u a l ly  throughout th e  an n ea lin g  ran g e .
The r e s u l t s  o f  th e se  . in f r a - r e d  experim ents o f  Glenz-and P e t e r l i n ,
p a r t i c u l a r l y  th e  v a r i a t i o n  o f  o r i e n ta t i o n  in  th e  amorphous phase
w ith  draw r a t i o  and annea ling  tem p era tu re ,  g ive  a c lu e  to  th e
behaviour o f  C. observed in  t h i s  s tu d y .  The in c re a se  in  C.>- w ith  33 33
in c re a se  in  draw r a t i o  as shown in  F ig u re s  7*2. and 7*3* may be exp la ined  
by an in c re a se  in  th e  o r i e n ta t i o n  o f  th e  amorphous phase d u r in g  
d raw in g ;.  Glenz and P e t e r l i n 1s r e s u l t s . s h o w  th a t  th e  c r y s t a l l i n e
o r i e n t a t i o n  reach es  a maximum a t  X « 5 and remains c o n s ta n t ,
which c o r r e l a t e s  w ith  th e  constancy in  th e  spread of th e  (2po) a rc s  
w ith  in c re a se  in  draw r a t i o  fo r  the  R ig idex  9 and R igidex  2|)00 
specimens. T h e ir  experiment to  monitor th e  amorphous o r i e n ta t i o n ,  
however, showed t h a t  i t  con tinuously  improved w ith in c re a se  in  draw 
r a t io *
On annea ling  a specimen cu t from a drawn s t r i p ,  i t  c o n t r a c t s  
a long th e  Z d i r e c t i o n  e .g .  F ig u res  4*22 and-4*23* i f  th e  s t r i p  
was o r ig i n a l l y  drawn to  draw r a t i o  X and th e  specimen cu t  from 
i t  was o f  le n g th  b e fo re  annealing  and reduced to  le n g th  Z a f t e r  
an n ea lin g , then  an e f f e c t i v e  draw r a t i o ,  X^ fo r  th e  annealed
s t r i p  may be defined  as
; xe f f  = X z
z O
A graph of C as a fu n c t io n  of e f f e c t i v e  draw r a t i o  f o r  33
Rigidex 2000 drawn a t  75°U i s  shown in  F igure  7*4* Using da ta
tak en  from f ig u r e s  7a and 7b of the  paper by Glenz and P e t e r l i n  (174),
i t  i s  p o s s ib le  to  p lo t  th e  r e l a t i v e  o r i e n ta t i o n  fu n c t io n  fo r  th e
—1 •amorphous band a t  1368 cm as a fu n c t io n  o f  e f f e c t i v e  draw r a t i o .
This graph i s  a lso  shown in  F igure  7*4* I t  i s  immediately obvious
t h a t  th e  vs X and th e  f ^ i  vs X curves  have th e33 o f f  re ivam p; e f f
same form and hence i t  i s  not unreasonable  to  l i n k  th e  d ec rease  in
th e  va lue  o f  w ith  th e  lo s s  o f  amorphous o r ie n ta t i o n  du r in g  a n n e a l in g .
F igure  7*5• i s  *a graph of C ^  vs draw r a t i o  fo r  R ig idex  9 drawn . 
to  seven d i f f e r e n t  draw r a t io s *  Specimens taken  from th e  s t r i p
drawn to  x l8  were annealed and t h e i r  e f f e c t i v e  draw r a t i o s  a f t e r
r
annea ling  are  a lso  shown in  F igu re  7*5 • p lo t te d  a g a in s t  A
■ .  •  i
number o f  f e a tu r e s  a re  apparent from . th i s  graph# F i r s t l y , j t h e r e  i s  
a p ro g re s s iv e  and ra p id  f a l l  in  th e  va lue  o f  du ring  anndjaling 
from 59 GPa a f t e r  drawing to  x l8 ,  to  about 12 GPa a f t e r  anneialing 
a t  136°C. This f a l l  in  0 ^  o f  47 GPa occurs  w ith  a dec rease  in  
e f f e c t i v e  draw r a t i o  o f  S'!' from x l8  to  x l4 i*  Secondly, th e  graph 
in d ic a te s  t h a t  th e  m olecular deform ation  and recovery  mechanisms 
d u ring  th e  drawing and annea ling  t re a tm e n ts  are  r a d i c a l l y  d i f f e r e n t .
■ 3
For example, du r ing  drawing a change m  e f f e c t i v e  draw r a t i o  o f  32
from x!4'i‘ to  x l8  occurs w ith  a corresponding  in c re a se  in  o f  11 GPa
from 48 GPa to  59 GPa. This change in  0 ^  should be compared w ith  
th e  47 GPa change t h a t  occurs  fo r  a s im i la r  change in  e f f e c t i v e  draw 
r a t i o  du r in g  a n n e a l in g .  C le a r ly  th en ,  two very  d i f f e r e n t  m olecu lar 
p ro cesses  a re  o c c u r r in g  du r ing  drawing and du ring  an n ea lin g  to  account 
f o r  th e  very  d i f f e r e n t  s e n s i t i v i t i e s  o f  to  e f f e c t i v e  draw r a t i o .  
S tu d ie s  o f  the  deform ation  p rocesses  o ccu rr in g  du ring  u n ia x ia l  
drawing o f  i n i t i a l l y  i s o t r o p i c  po lye thy lene  have e s ta b l i s h e d  th r e e
l " ~
main deform ation  regim es, e .g .  (18) J The i n i t i a l  deform ation  in v o lv es
! ;
th e  shea r  and r o t a t i o n  o f  th e ’ s ta c k s  o f  lam e llae  w ith in  th e  s p h e r u l i t e  
and le a d s  to  th e  s p h e r u l i t i c  -to f i b r i l l a r  t ra n s fo rm a t io n  in  th e  neck,
which i s  the  second s tag e  o f  th e  de fo rm ation . F in a l ly ,  th e  f i b r i l s
undergo f u r th e r  p l a s t i c  deform ation  a f t e r  th e  neck. A f i b r i l  c o n s i s t s  
o f  a s ta c k  o f  chain  folded b locks  connected to  each o th e r  by i n t r a -
f i b r i l l a r  ffcie molecules which t r a v e r s e  th e  amorphous r e g io n .  A.ccording 
to  th e  m olecular th e o ry  of drawing, th e r e  a re  more i n t r a - f i b r i l l a r  
t i e  molecules th an  i n t e r f i b r i l l a r  t i e  m olecules  connec ting  adjacent-
f i b r i l s .  • Consequently f i b r i l l a r  s l i p  i s  the  more e n e r g e t i c a l ly  
fav o u rab le  mode of de fo rm ation . The p l a s t i c  deform ation  le a d s  to  
denser  packing and accounts f o r  the  r i s e  in  d e n s i ty  o f  th e  specimen 
w ith  in c re a se  in  draw r a t i o  (119) as shown in  Table 7*3® 'Table 7*3#
i
a lso  shows th e  v a r i a t i o n  o f  th e  long spacing  d w ith draw ra i l io .  The 
in v a r ia n c e  o f  d a lso  in d ic a te s  t h a t  th e  t h i r d  s tage  o f  th e  deform ation  
i s  e x t r a - f i b r i l l a r .
F igure  7*5* shows th a t  du r ing  ann ea lin g  th e re  i s  a rap id  drop
in  C bu t w ithout an accompanying r a p i d .drop in  specimen le n g th  
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comparable in  magnitude to  t h a t  observed d u rin g  drawing. This 
behaviour again  supports  th e  view t h a t  th e  t h i r d  s tag e  o f  defo rm ation  
occurs  by i r r e v e r s i b l e  p l a s t i c  deform ation .
According to  th e  i n t e r p r e t a t i o n  o f  Glenz and P e t e r l i n  (174) th e  
decrease  in  du r ing  annea ling  i s  a r e s u l t  o f  the  r e l a x a t i o n  o f  
th e  in te r -a n d  i n t r a - f i b r i l l a r  t i e  m olecu les . They a iso  noted t h a t  
the  annea ling  tem pera tu re  r e q u ire d  to  ca.use th e  i n i t i a l  l o s s  in  
amorphous o r i e n ta t i o n  was a lso  th e  tem perature  a t  which th e  specimen 
began to  c o n t r a c t .  F igure  7*5• shows th a t  a lthough th e  amorphous 
t i e  ch a in s  are  ab le  to  r e l a x  du r ing  a n n e a l in g , th e re  i s  no mechanism 
to  re v e rs e  th e  f i b r i l l a r  s l i p  deform ation  th a t  occurred d u r in g  draw ing. 
Consequently drawn and h igh ly  annealed specimens, whose e l a s t i c  moduli 
are  approaching th o se  o f  th e  i s o t r o p ic  s t a t e ,  s t i l l  r e t a i n  on e f f e c t i v e  
draw r a t i o  o f  over xl4* -Even annea ling  a t  tem pera tu res  s u f f i c i e n t l y  
high to  d es tro y  a l l  th e  jc ax is  and la m e l la r  p re fe r r e d  o r i e n t a t i o n  
does not cause th e  specimen to  r e l a x  to  i t s  o r ig in a l  p re-d raw ing  
dim ensions.
The v a r i a t i o n  o f  th e  e l a s t i c  co n s ta n t  w ith  draw ra / tio  and
an n ea lin g  tre a tm e n t  f o r  th e  low d e n s i ty  po lye thy lene  Alkathene i s  
shown in  F igure  7*6* The most obvious d i f f e r e n c e  between th e  
behaviour o f  Alkathene and th a t  o f  th e  h igh d e n s i ty  p o ly e th y len es
■ tI
i s  i n  th e  com para tive ly  low draw r a t i o s  and low v a lu es  of
" • i
a ch ievab le  w ith  low d e n s i ty  p o ly e th y len e .  I t  has been shown th a t  
th e  maximum a t t a in a b l e  draw r a t i o  w ith  a p a r t i c u l a r  grade of 
po lye thy lene  i s  in v e r s e ly  p ro p o r t io n a l  to  i t s  weight average m olecular 
weight ( l 8 ) .  Alkathene with 1^  = 1 ,000,000 th e r e fo r e  had th e
low est draw r a t i o  o f  th e  th re e  grades t e s t e d .
I t s  drawing behav iour was r a th e r  d i f f e r e n t  to  h igh  d e n s i ty  
p o lye thy lene  as shown in  F igure  7*7* which i s  a schem atic diagram 
o f  th e  lo a d -e x te n s io n  curve obtained  from th e  ten so m ete r .  In  
c o n t r a s t  to  high d e n s i ty  p o ly e th y len e , Alkathene e x h ib i t s  no p r e c i s e ly  
d e f in a b le  neck, bu t deforms over th e  whole gauge le n g th .  On removal 
from th e  tensom eter , th e  s t r i p  re la x e s  c o n s id e rab ly  more th a n  th e  
high d e n s i ty  p o ly e th y len es ,  in d ic a t in g  t h a t  a g r e a te r  p ro p o r t io n  o f  
th e  work done du ring  drawing Alkathene i s  expended in  s to r in g  e l a s t i c  
energy . The ap p lied  load in c re a se s  con tin u o u sly  w ith e x te n s io n  as 
th e  r e s i s ta n c e  to  d e fo rm atio n  r i s e s .  T h is  s t r a i n  harden ing  e f f e c t  
i s  a r e s u l t  o f  th e  cha in  entanglem ents i n t e r f e r i n g  w ith  p l a s t i c  flow .' 
Table 7*4 shows th e  e f f e c t  o f  drawing on th e  d e n s i ty .a n d  long  period  
of A lkathene. As p o s tu la te d  p re v io u s ly ,  (1 78) , deform ation  by l a m e l la r  
s e p a ra t io n  i s  e v id e n t ly  a 'more e n e r g e t i c a l ly  favourab le  mode o f  
deform ation  in  Alkathene and accounts fo r  th e  p ro g re s s iv e  in c re a se  
in  d spac ing . D ire c t  o b se rv a t io n  of th e  la m e l la r  s t r u c t u r e  of drawn 
Alkathene in  th e  e le c t ro n  microscope (147) r e v e a ls  a l e s s  w ell-deve loped
f i b r i l l a r  s t r u c tu r e  th an  in  h igh  d e n s i ty  p o ly e th y le n e .  Alkathene 
i s  l e s s  c r y s t a l l i n e  than  th e  high d e n s i ty  p o ly e th y len es  examined
I
and consequently  th e  amorphous reg io n s  o f  Alkathene are  not[ so h ig h ly
* Ii
-s tre ssed  a t  a -given-draw r a t i o  th an  th e  amorphous re g io n s  ijn high
■ i1
d e n s i ty  p o ly e th y le n e .  Consequently, as a r e s u l t  o f  th e  g r e a t e r  
number of t i e  m olecules, th e  small amount o f  p l a s t i c  defo rm ation  
and th e  d i l u t i o n  o f  the  s t r a i n  energy per  u n i t  volume o f  amorphous 
m a te r ia l  in  A lkathene, only r e l a t i v e l y  low draw r a t i o s  w ith  
concom itan tly  low v a lu es  o f  are  a t t a in a b l e  compared, to  h igh  
d e n s i ty  p o ly e th y le n e .  . "
Comparing the  graphs o f  a fu n c t io n  of draw r a t i o  and
e f f e c t i v e  draw r a t i o  f o r  E ig idex  9 and Alkathene,. F ig u re s  7 7 * 6 ,  
i t  i s  n o t ic e a b le  t h a t  bo th  m a te r ia ls  e x h i b i t ; h y s te r e s i s  i n  re c o v e ry .
The recovery  o f  Alkathene i s  s ig n i f i c a n t l y  g r e a te r  th a n  t h a t  o f  
E ig idex  9> f o r  example, a f t e r  annealing  a t  a tem pera tu re  s u f f i c i e n t  
to  cause  a p p rec iab le  d i s t o r t i o n  of th e  specimen, 110°C f o r  A lkathene 
and 135*5°c f o r  E ig idex  9* Alkathene has c o n tra c te d  by 76‘£  and 
Eigide.x 9 by 21a o f f  t h e i r  drawn v a lu e s .  T h is  capably  i l l u s t r a t e s  
th e  e l a s t i c  n a tu re  o f  th e  deform ation  induced in  Alkathene by draw ing.
In  co n c lu s io n ,  th e  v a r i a t i o n  o f  w ith  draw r a t i o  and a n n e a l in g  
tem pera tu re  i s  dependent p r im a r i ly  on th e  amorphous co n ten t  of th e  
polymer. L in ea r  po ly e th y len e  e x h ib i t s  h ig h e r  draw r a t i o s  and 
consequently  h igher  v a lu e s  o f  th an  A lkathene. The dominant r o l e  
o f  th e  amorphous phase in  de term in ing  th e  va lue  o f  C^  and in  p a r t i c ­
u l a r  i t s  o r i e n ta t i o n  has been shown to  be s u b s t a n t i a l l y  c o r r e c t ,  as 
p re d ic te d  by th e  two-phase model. The model p r e d ic t io n s  a re  v a l i d ,  
f o r  polymers o f  d i f f e r i n g  c r y s t a l l i n i t i e s .
•7.3.2. Cu  and Cgg
I f  an i n i t i a l l y  i s o t r o p ic  solid, polymer i s  u n i a x ia l ly  i drawn,
' ' 1I
th e  drawn s t r i p  u s u a l ly  has hexagonal symmetry with the  symmetry
■ ■ !' ' ' ' I
a x is  p a r a l l e l  to  th e  draw d i r e c t i o n .  This  im p lie s  t h a t  thej drawn 
s t r i p  i s  t r a n s v e r s e ly :  isotropic and hence t h a t  the  v e l o c i t i e s ’1, of th e  
lo n g i tu d in a l  s t r e s s  waves propagated in  any d i r e c t io n  in  the  XY plane 
are  e q u a l .  E xperim en ta lly  th e  v a lu es  of and are  s l i g h t l y  
d i f f e r e n t  fo r  a l l  th re e  o f  th e  polymers t e s t e d ,  w ith g e n e ra l ly  
g r e a te r  th an  fo r  th e  h igh  d e n s i ty  p o lye thy lenes  and l e s s  than  
f o r  A lkathene. The d i f f e r e n c e  in  and i s  about or
and i s  a consequence o f  drawing a specimen o f  r e c ta n g u la r  c r o s s - s e c t i o n .
The t h e o r e t i c a l l y  c a lc u la te d  v a lu es  o f  or C ^ c  ^or a
po lye thy lene  c r y s t a l  determined by Odajima and Haeda ( 42) or  Wobser 
and B lasenbrey (43) cannot th e r e fo r e  be compared w ith th e  r e s u l t s  
measured in  t h i s  experiment as in  th e  experim ental system th e  a. end b_ 
u n i t  c e l l  axes a re  randomly o r ie n te d  in  the  XY p lan e .
To e v a lu a te  th e  t h e o r e t i c a l  e l a s t i c  c o n s ta n ts  G_n and C0 _11c 22c
fo r  random o r ie n ta t i o n  o f  a  and _b in  th e  XY plane in v o lv es  de te rm in in g  
C ^ c and &22c u s^nS a new frame o f ‘re fe re n c e  defined  by th e  C a r te s ia n
i i i t
axes X Y Z. The two frames of re fe re n c e  XYZ and X‘ Y“Z are  r e l a t e d  
as shown i n  f ig u re  7*8, by a r o t a t i o n  in  th e  XY plane th rough  an 
angle a . The r e l a t io n s h ip  between th e  e l a s t i c  c o n s ta n ts  in  th e  XYZ
i t
fram e to  those  in  th e  X Y Z  frame o f  re fe re n c e  i s  g iven  by 
1
Cpqrs “ ap i  aq j  ark  “ s i  ° i j k l  (7 .34 )
and s p e c i f i c a l l y
0  = C._ cos ^ ex. *  C s in ^ 'a  4- ( 2 C L 0  4- 4^V/*) s in ^ a  c o s ^ a
11 11 22 12 Ob
A A ' 0  0
r*'oo = Coo cos a ■+ c n  s in  a 4- ( 2C_ _ + 4 0 ^ )  s i n a c o s  a  
v  dc .  2 2  1 1 ________ j 1 2  DO ^ r j
•• ; *  f j  'V
C/33 = 33
For th e  case o f  random o r ie n ta ,t io m  o f  a. and Id in  th e  XY p lan e ,  
average v a lu es  o f  th e  terras cos^a: , s in ^  a  , and s in ^  a  c o s ^ a  
are  used where, . ■
in^ oc = cos^'a = 3 /8
s in ^  a  cos^ a  = l / 8
Hence e x p l i c i t l y ,
„  c »
11 “ 22 v~l l  ‘ ~227 T v" l2  T ^"66C ' ' n  =  ° ' o o  »  3 / 8  ( C n  +  C o o )  +  1/4  (c i 0  + 2C,,)
Using Oda jiraa and Maeda’ s v a lu e s ,  th en
C' n o  -  G’??c = 6 -40 GFa
and u s in g  Wobser and B laserib rey’s v a lu e s ,
C ' l l c  = C’22c = 14.80 GPa
The e l a s t i c  c o n s ta n ts  o f  the  model a re :
C11 ■- V  °Ho ' (7-25)
C22 -  V C22c ^ 26>
assuming orthorhombic symmetry, o r ,
C., n *» V C (7-37) assuming hexagonal symmetry.11 22 c l l
To check th e  p r e d ic t io n s  o f  the  model C /V and C /V v s .  T-'l i e  22 c a
are p lo t te d  as shown in  F ig u res  7*9> 7*10* and 7*11* f o r  R ig idex  2000,
R igidex  9 and Alkathene r e s p e c t iv e ly .  . The va lue  o f  ^ ^ / V c  ^or
i s o t r o p i c  s t a t e  o f  each of th e  grades i s  a lso  shown. As can be seen ,
f o r  th e  major p a r t  of the  an n ea lin g  range , the  graph i s  l i n e a r  w ith  a 
s lope  o f  z e ro ,  as equa tio n s  (7*2.5) and (7*26) p r e d i c t .  TJie 'c o n s ta n t
* # t ’ ! .....
value  o f  ^ l ^ c  G lies  which from th e  graphs i s  approx im ate ly  
8 .0  GPa, 7*4 GPa and 7*5 GPa f o r  R ig idex  9? R igidex 2000 an(|
it
Alkathene r e s p e c t iv e ly .  The average va lue  o f  C from tlie graphs 
i s  th e r e fo r e  7*6 GPa, which f a l l s  between th e  two t h e o r e t i c a l  v a lu e s  
o f  6 .40 GPa and 14.80 GPa. These r e s u l t s  show th a t  th e  model i s  
a r e a l i s t i c  re p re se n ta t io n !  of o r ie n te d  p o ly e th y len es  o f  v a ry in g  
c r y s t a l l i n i t i e s  from 0*55 to  0 . 90.
At th e  h ig h e r  end o f  th e  annea ling  range , th e  graphs d e v ia te
from th e  s t r a i g h t  l i n e  in  one o f  two ways. In  the  case  o f  R ig idex  9»
F igu re  7*10? th e  graphs o f  C-j j / ^ c anc* ^ 2 2 ^ c  ^ v e r Se an n ea lin g  
tem pera tu res  between 110°C and. 130°C. This  co u ld 'b e  a* r e s u l t  o f  
o r i e n ta t i o n  o f  th e  a- and Jb axes to  a l ig n  p r e f e r e n t i a l l y  a long  th e  
Y and X axes r e s p e c t iv e ly ,  and accord ing  to  Odajima and Maeda, 
i s  g r e a te r  th an  by 80fi>. The c a lc u la t io n s  o f  Wobser and B lasenbrey  
however, suggest t h a t  th e  v a lu es  o f  and C g  are  n e a r ly  eq u a l ,  and
consequen tly  p r e fe r r e d  o r i e n ta t i o n  o f  a, and b would not account fo r
th e  observed d e v ia t io n . .  In ^ a d d i t io n  th e  wide angle X -ray d i f f r a c t i o n ,  
p a t t e r n s  of th e  r e le v a n t  specimens do not re v e a l  any d i s t i n c t  p r e f e r r e d  
o r i e n t a t i o n  of th e  a, and b_ axes, hence th e  cause of th e  d e v ia t io n  o f  
th e  two graphs i s  not c l e a r  from th e  a v a i la b le  d a ta .
The second type o f  d e v ia t io n  occurs 021 th e  graphs o f  R ig idex  2000 
and A lkathene, which bo th  show sharp upward tu rn s  in  th e  C__/V and
J. JL C
^22/Vc p lo t s  f o r  annea lin g  tem pera tu res  above 132°C and 107°C 
r e s p e c t iv e ly .  This  i s  a consequence *of th e  d i s o r i e n t a t i o n  o f  th e  •
c_ axes a t  h igh annea ling  tem p era tu res  (See F ig u re s  4*19 .and 4*24)*
hue to  th e  spread o f  th e  jc axes in to  a cone centred, on th e  Z a x i s ,
th e r e  i s  an in c re a s in g  c o n t r ib u t io n  to  C__ and CL0 from th e  c ax es .11 22 —
This r o t a t i o n  i s  shown in  F ig u re  7*12. The e f f e c t  on C ^  o f  a
r o t a t i o n  of th e  jc axes about th e  XY plane th rough  an angle  0 i s
g iven  by
C _0 » 0 cos^ 6  + CL* sin^ 6 +(2C0* + 4 C ..)  cos^6 s in ^  622 22 33 23 -44 (y  ^3 )
t
where C ^  i s  th e  t e n s i l e  e l a s t i c  co n s ta n t  measured in  th e  Y
d i r e c t io n  a f t e r  th e  d i s o r i e n t a t i o n  o f  th e  _c axes and Ggg? ^ 33’ ^23 an<^
a r e  th e  e l a s t i c  c o n s ta n ts  measured b e fo re  d i s o r i e n t a t i o n .  This  
a n a ly s is  assumes th a t  th e  e l a s t i c  p r o p e r t i e s  o f  th e  m ic ro s t ru c tu r a l  
b lock  a re  unchanged du ring  th e  d i s o r ie n ta t io n ' .
Using v a lu e s  o f  (L*, CL*, C0* and CL . obtained from th e22’ 33 23 44
measurements, on th e  specimen o f  R ig idex  2000 annealed a t  130°C and
t •
th e  va lu e  o f  C 0 ** 6.46  GPa, c o r re s p o n d in g . to ;th e  e x p e r im e n ta l ly22
measured va lue  o f  C 0 on th e  specimen annealed a t  T -, = 133 0 , i t  i s22 ' - a.
found t h a t  equa tion  (7*38) i s  s a t i s f i e d  when 6 ! = 11° .  Perform ing
a s im i la r  c a l c u l a t i o n  to  determ ine th e  in f lu e n c e  of th e  r o t a t i o n  o f
th e  jc axes on 0^ ,  i t  i s  found th a t  th e  observed in c re a se  in  from
6 .27 GPa a t  T = 130°C to  6.33 GPa. a t  T; ~ 133°0 can be accountecF a • • a
f o r  assuming a. r o t a t i o n  o f  th e  _c axes o f  , 70 towards X. . . From f ig u r e
3 *19? i t  can be seen th a t  th e  d i s o r i e n t a t i o n  of th e  _c axes in c r e a s e s
r a p id ly  in  th e  ann ea lin g  range T ' = 130°C to  T- « 133°C, u n t i la a
a f t e r  annealing  a t  133°G th e  jc axes are  spread through 42° about th e  
Z a x is ,  i . e .  a r o t a t i o n  o f  21° from Z.
Such a r o t a t i o n  o f  th e  c axes w i l l  a lso  a f f e c t  th e  v a lu e  o f  C**.
- .33
A fte r  th e  r o t a t i o n  th e  new va lue  o f  C^_ w i l l  be C g iven  by33 33 '
C ■*» C cos^ 6  * C 0 s i 6 *(2C + 4G ...)s in^0  cos^ 633 . 33 22 v 23 44
(7 .39)
where ^ 22’ ^ 33’ C23 sn<3 ^44 a re  th e  v a lu e s  of. th e  e l a s t i c  c o n s ta n ts  
b e fo re  th e  r o t a t i o n  through 6 . I t  i s  found t h a t  f o r  6 -  11°,
t  ■ 1 .
G ^ =» 6.13 GPa. This compares w ith  th e  ex p e r im e n ta l ly  measured
va lue  on th e  specimen annealed a t  133°G o f  = 6.63 GPa. The 
d i f f e r e n c e  in  th e se  two v a lu e s  o f  0*5 GPa i s  p robably  accoun tab le  
in  f u r t h e r  r e l a x a t io n  o f  th e  a,morphous t i e  m olecules. D i s o r i e n ta t io n  
o f  th e  _c axes a t  h igh  annea lin g  tem pera tu res  would th e r e f o r e  appear 
t o  e x p la in  th e  upward swing in  F igure  7«9*
F igure  7*11 shows an(3- ^ p o ^ c as a fu n c t io n  o f  an n ea l in g  
tem pera tu re  fo r  A lkathene. In  th e  an n ea lin g  range rJ0°0 to  105°C, 
th e  graphs show t h a t  equa tio n s  ( 7 *25) and (7*26) are  obeyed. A f te r  
an n ea lin g  a t  107°C a.nd 110 °C though th e re  i s  a sharp upward t u r n  
i n  th e  graph, s im i l a r  to  t h a t  o f  th e  R ig idex  2000 .graph in  F ig u re  7«9* 
The cause o f  th e  upward tu r n  in  F igure  7*11 i s  not r e a d i l y  apparen t 
as in  th e  case o f  R ig idex  2000. Alkathene e x h ib i t s  a continuous, 
and p ro g re s s iv e  c a x is  d i s o r i e n t a t i o n  th roughout the  an n ea lin g  ran g e ,  
F igure  4*24* I t  would be expected th e r e fo r e  t h a t  i f  d i s o r i e n t a t i o n  
were th e  primary cause o f  th e  d e v ia t io n  o f  th e  graph, th e r e  would be 
a g radua l s h i f t  .of th e  curve r a t h e r  than  a sudden upswing. The 
low angle d i f f r a c t i o n  p a t t e r n s  o f  specimens annealed a t  107°0 and 
110°C do however re v e a l  t h a t  a s ig n i f i c a n t  p ro p o r t io n  o f  th e  la m e lla e  
have r o ta te d  so t h a t  t h e i r  normals are. ly in g  p a r a l l e l  to  X o r  Y *
7*3*3 .c 44 ciud c 55
The v a r i a t i o n  o f  th e  e l a s t i c  c o n s ta n ts  C . .  and C_._ w ith  an n ea lin g44 55
tem pera tu re  fo llow  s im i la r  t r e n d s  in  both  R ig idex  9 and Rigjidex 2000,
For R ig idex  9? G ^  in c re a se s  from an i s o t r o p i c  va lue  o f  1 .1 ^  GPa to
1 .27  GPa a f t e r  drawing to  x l 8 . During subsequent an n ea l in g ,  r i s e s
f u r t h e r  to  a maximum o f  1 .48 GPa a f t e r  ann ea lin g  a t  120°C and 125 °C.
Annealing a t  h ig h e r  tem p era tu res  causes to  f a l l  p ro g re s s iv e ly  to
a minurnum o f  1 .06  GPa a f t e r  annea ling  a t  I36°C. The v a lu e  o f  C--55
i s  g e n e ra l ly  about 5$  lower th an  but fo llo w s  th e  same t r e n d .  For
R ig idex  2000 th e r e  i s  a 6 ;^ f a l l  in  G. .  and -C;._ du ring  draw ing. A f te r44 , 95
annealing : a t  125 °C, th e  v a lu es  o f  G . A and Ccc reach  t h e i r  maximum o f44 55
1*09 GPa and. subsequen tly  f a l l  t o  about 1 .00  GPa on an n ea lin g  a t  133 C. 
On a v e r a g e . i s  g r e a t e r  th an  0 ^  by about 1/^v
The d i f f e r e n c e  i n  behaviour o f  C , .  and Ccc d u r in g  drawing between44 55
R ig idex  9 and R ig idex  2000 i s  due to  th e  d i f f e r e n t  draw r a t i o s -  
a t t a i n a b l e .  The l a r g e r  draw r a t i o  o f  R ig idex  9 r e s u l t s  in  a d en se r
and more c lo s e ly  packed s t r u c tu r e  and hence C . . and C,.,, i n c r e a s e .
* . ■ 44 55
The f a c t  t h a t  and have s im i la r  va lues  th roughou t th e
an n ea lin g  s e r i e s ,  ag a in  sugges ts  t h a t  th e  o v e ra l l  symmetry o f  th e
1 1
s t r u c t u r e  i s  hexagonal. The e l a s t i c  c o n s ta n ts  C ' and G ^  o f  th e
44 55
hexagonal s t r u c tu r e  a re  r e l a t e d - t o  th e  e l a s t i c  c o n s ta n ts  o f  th e  
orthorhombic s t r u c tu r e  by
c 44 = G44cos2,#' + ° 55 sin2<t‘
c '55 =■ c44. s in ^ .  + c55 ° ° s 2 *
Now 2 . 2 ^  1s in  <p -  cos 9 = g
t t
Hence u s in g  th e  t h e o r e t i c a l  v a lu es  o f  Odajima and Maeda or 
Uobser and B lasenbrey  f o r  and C^  g iv es  r e s p e c t iv e ly :
! 0 44c = c ' 55o >  1 .81 GPa o r  2 .59 GPa
The e l a s t i c  c o n s ta n ts  o f  th e  model in  orthorhorabic symmetry 
are  transform ed to  hexagonal symmetry as
i /  ^  • v \  -1
.  = ( - T — “T ^ —
\ C 44c 0 44a
Using v a lu es  o f  1 .8 l  GPa (Odajima and Maeda) or  2 ,59 GPa f o r
« i
C and 1 GPa f o r  C ■ g iv es  fo r  R igidex 2000 w ith  Vc = 0*85
»
C a ■ 1.61 GPa or 2 .09 GPa44
and fo r  R ig idex  9 w ith  v -  0.90o
0*44 = 1 .67  GPa or 2 .23 GPa
Comparing th e se  model p re d ic t io n s  w ith  th e  experim en ta l r e s u l t s ,  
i t  has been found th a t  th e  model c o r r e c t ly  p r e d ic t s  th e  change o f  G*'^
w ith  volume c r y s t a l l i n i t y , but t h a t  th e  model p r e d ic t io n s  a re  up
I f  ' •
to '§0?g above th e  experim enta l r e s u l t s .  This  could be accounted f o r
i
by a d ju s t in g  th e  v a lu e s  o f  G ^ and i t  i s  found t h a t  the  exper im en ta l
i
r e s u l t s  can be f i t t e d  by u s in g  v a lu es  o f  C « 0 .5  GPa f o r  R ig idex
2000 and 0 .77  GPa f o r  R ig idex  9* These v a lu e s  a re  not un reasonab le  
e s t im a te s  of th e  e l a s t i c  response  o f  th e  amorphous phase and hence 
i t  i s  concluded t h a t  th e  model i s  a reaso n ab le  r e p r e s e n ta t io n  o f  th e  
experim enta l system.
The in c re a se  o f  C ^  and C ^  w ith  annea lin g  tem p era tu re  can
th e r e fo r e  be c o r r e la te d  w ith  th e  in c re a se  in  d e n s i ty  d u r in g  the
low tem pera tu re  end o f  th e  an n ea lin g  ran g e .  S im ila r ly  th e  rap id
:  '  '  i
f a l l s  in  and a t  th e  h ig h e s t  an n ea lin g  tem p era tu res  Sin the
" !
R ig idex  2000 and R igidex  9 s e r i e s ,  c o r r e l a t e  w ith the  f a l l s j i n
i
d e n s i ty ,  and hence in  c r y s t a l l i n i t i e s .  The gradual f a l l  in  th e  
v a lu e s  o f  G and du ring  th e  annea ling  in t e r v a l  125°C to  
131°C (R igidex  2000) and 120°C to  135°C (R igidex  9) cannot be
in te r p r e t e d  as due to  a f a l l  in  c r y s t a l l i n i t y ,  as th e  d e n s i ty  o f  th e
specimens in  t h i s  range i s  v i r t u a l l y  c o n s ta n t .  The r e s u l t s  from 
X-ray d i f f r a c t i o n  show no sharp  changes i n  o r i e n ta t i o n  or long  
p e r io d  in  t h i s  an n ea l in g  i n t e r v a l ,  F ig u re s  4*19 and 4*20. The 
m u lt ip le  endotherms observed in  th e  DSC experim ents, do not appear 
u n t i l  Ta = 130°C (R ig idex  2000) or Ta = 134°C (R ig idex  9) * '..In
the  absence o f  any sudden m orphological change, th e r e f o r e ,  i t  i s
concluded th a t  two-’continuous p ro cesses  occur th roughout th e  an n ea lin g
ran<?e th a t  a f f e c t  0 . .  and C__ in  d i f f e r e n t  se n se s .  I t  i s  known th a t44 55
th e  amorphous phase p ro g re s s iv e ly  d i s o r i e n t s  throughout th e  an n ea l in g
sequence which le a d s  to  a low ering  o f  C and C-- . The in c re a s e44a ppa
in  d e n s i ty  dp r ing  annealing  le a d s ,  as th e  model p r e d i c t s ,  to  an
*in c re a se  i n  and C ^ .  The maximum d e n s i ty  i s  achieved a t  Ta = 125 C
f o r  R ig idex  2000 and R ig id e x *9* - T h e re a f te r ,  the  d e n s i ty  rem ains 
approxim ate ly  c o n s ta n t  u n t i l  th e  h ig h es t  annea ling  te m p e ra tu re s ,
F igure  4*21. In  t h i s  i n t e r v a l ,  th e  r e l a x a t io n  o f  th e  amorphous
m a te r ia l  dominates and le a d s  to  a f a l l  in  C . ,  and C__ At th e
44 55*
h ig h e s t  annea ling  tem p era tu res ,  both e f f e c t s . a r e  in  th e  same sense 
as th e  d e n s i ty  d ec reases  and th e  amorphous phase co n tin u es  to  d i s o r i e n t .  
Consequently th e r e  i s  a ra p id  f a l l  in  *C^ and C^  as seen in  th e  9$
f a l l  in  between Ta « 135°C and Ta = 136°C fo r  R ig idex  9*
No r e s u l t s  a re  reported- f o r  A lkathene, as i t  was not p o s s ib le  
to  p ropagate  a sh ea r  wave in  th e  specimens.
7 *3 ’4 °66
There i s  a continuous in c re a se  in  fo r  both  R ig idex  2000 
and R ig idex  9 th roughout th e  annea lin g  s e r i e s .  The model p r e d i c t s  
t h a t  i s  p ro p o r t io n a l  to  Vv assuming th a t  remains c o n s ta n t .
For R ig idex  2000, annea ling  from 75°G to  130°C le a d s  to  an in c re a se  
o f  about .12$c-.in-v and a co rrespond ing  in c re a se  o f  about 28^  in  Cgg. 
S i m i l a r ly , f o r  R ig idex  9 a in c re a se  in  volume c r y s t a l l i n i t y  occurs  
d u r in g  th e  same annea ling  in t e r v a l  as an 18^  in c re a se  in
The t h e o r e t i c a l  e s t im a te s  f o r  0 vary  c o n s id e ra b ly .  According66c
to  Odajima and Maeda, C i s  2.06 GPa and Wobser and B lasenbrcy
66c 1
c a lc u l a t e  0£gc to  be 6 .24 GPa. Assuming hexagonal symmetry, C 
i s  2 .43 GPa or 3*81 GPa u s in g  th e  r e s u l t s  o f  Odajima and Maeda o r  
Wobser and B lasenbrey  r e s p e c t iv e ly .  Taking th e  volume c r y s t a l l i n i t y  
o f  R ig idex  2000 to  be O.85 and o f  R ig idex  9 to  be 0 .9 0 ,  th e n  acco rd ing  
to  th e  model, f o r  R ig idex  2000 sho'uld be in  th e  range 2 .09  GPa 
to  3»34 GPa and f o r  R ig idex  9 should be between 2 .19  GPa and
3*43 GPa. The measured v a lu es  th e r e fo r e  appear to  be a t  l e a s t ) 100^-• ]
too  low compared to  th e  model. This i s  p robably  a r e s u l t  o f  com pliant
amorphous m a te r ia l  ly in g  between th e  la m e l la r  s ta c k s .  The con tinuous
r i s e  in  th rough the  an n ea lin g  s e r i e s  i s  somewhat p u z z l in g .  Only
one o th e r  e l a s t i c  c o n s ta n t ,  C__, co n tin u o u sly  changes in  th e  same
; ;  •
sense throughout the  s e r i e s  and t h i s  was c o r r e la t e d  w ith  lo s s  o f  
amorphous o r i e n ta t i o n .  The e f f e c t  o f  d i s o r i e n t a t i o n  o f  th e  c. axes 
011 i s  g iven by " .
f o r  a r o t a t i o n  o f  £  through ’A about X and Y r e sp e c t iv e ly *
Hence th e  r e s u l t  o f  th e  r o t a t i o n  i s  to  reduce th e  va lue  o f  Cgg. 
The observed con tinuous in c re a se  in  Cgg cannot th e r e fo r e  be a t t r i b u t e d  
to  d i s o r i e n t a t i o n  o f  th e  jc axes* The only param eters  to  vary  
co n tin u o u sly  in  th e  same sense throughout th e  annea ling  s e r i e s  a re  
th e  dimensions o f  th e  la m e llae  and the  o r i e n ta t i o n  o f  th e  amorphous 
phase . The la m e lla e  in c re a se  bo th  in  th ic k n e s s  and l a t e r a l l y  by th e  
amalgamation o f  sm a lle r  la m e llae  and t h i s  p rocess  could conce ivab ly  
le a d  to  an in c re a se  in
In  co nc lus ion , th e  model p r e d ic t s  c o r r e c t l y  th e  dependence o f  
Cgg on volume c r y s t a l l i n i t y ,  bu t  the  experim ental v a lu es  o f  Cgg are
9
r a t h e r  low compared to  th e  t h e o r e t i c a l  e s t im a te s  o f  There i s
however a wide v a r i a t i o n  in  th e  two t h e o r e t i c a l  e s t im a te s  and i t  i s  
p o s s ib le  t h a t  th ey  may be too  high*
7 .3-5 C12, cl 3 , c 23
The measurement o f  th e se  e l a s t i c  c o n s ta n ts  n e c e s s i t a t e d  p r e p a r in g  
specimens cut a t  an g les  to  th e  th re e  p r in c ip a l  axes and hence consumed 
a co n s id e ra b le  volume o f  m a te r ia l*  Consequently th e se  e l a s t i c  c o n s ta n ts  
were only measured f o r  the  R ig idex  2000 s e r ie s *  The method o f  
c a lc u l a t i o n  o f  th e se  e l a s t i c  c o n s ta n ts  in v o lv es  u s ing  experim en ta l  
v a lu es  o f  o th e r  p re v io u s ly  measured e l a s t i c  c o n s ta n ts ,  each o f  which 
has an a s so c ia te d  e r r o r .  There i s  th e r e f o r e  a c o n s id e ra b le  cum ulative
e r r o r  in  th e  v a lu e s  o f  C-j.2 ’ ^13’ an<^  ^23 ^ i c h  r e s u l t s  in  a p p rec iab le  
s c a t t e r .  This s c a t t e r  tends  to  mask any v a r i a t i o n  o f  the  e l a s t i c
i
c o n s ta n ts  w ith annea ling  tem p era tu re .  In  a hexagonal system 
= C'2^, and as can be seen from F igure  6 . 5 * the  experim ental 
r e s u l t s  show t h a t  and a re  very  s im i l a r .  The t h e o r e t i c a l  
v a lu e s  o f  th e  e l a s t i c  c o n s ta n ts  in  a hexagonal system are
C *..  = C1- .  = 4 .20 GPa or 3.21 GPa13c 230*,
and C*12 s  6 .17 GPa or 6 .80  GPa •
u s in g  th e  t h e o r e t i c a l  e l a s t i c  c o n s ta n ts  o f  Odajima and Maeda or 
Wobser and Bla,senbrey r e s p e c t iv e ly .  The model p r e d ic t s  th a t '
= C *= ^^3a’ w^ e re  ^ I3 a  ds e -^ a s^^c co n s ta n t  01 pure amorphous 
m a te r ia l .  I t  would be expected th a t  ^ 3 a  &ecre a s e  as the
amorphous m a te r ia l  d i s o r ie n te d  du ring  an n ea lin g , but th e  d ecrease  
i s  masked, by th e  s c a t t e r  in  th e  r e s u l t s .  The model p r e d i c t s  t h a t  
C 0 i s  p ro p o r t io n a l  to  v . Hence a f t e r  annea ling  a t  110°G which
Jic. C
causes  an Qfo r i s e  in  v  over th e  as-drawn v a lu e ,  th e r e  ought to  beo
a co rresponding  8/& r i s e  in  As shown in  F igure  6.5? th e r e  i s  a
'fjo d ecrease  in  and in  f a c t  th e  as-drawn va lue  o f  i s  th e
!
maximum in  th e  annea ling  s e r i e s .  The t h e o r e t i c a l  e s t im a te s  o f  C 
are  4 •20 GPa o r  3*21 GPa, which are  o f  th e  same o rd er  as th e  experim en ta l 
r e s u l t s  o f  about 3*9 GPa or 4*0 GPa f o r  and C ^  r e s p e c t i v e l y ,  ta k in g
an average va lue  over the  annea ling  s e r i e s .  Hence i t  would appear 
t h a t  th e  t h e o r e t i c a l  e s t im a te s  are  r a t h e r  low.
I t  appears th e r e fo r e  t h a t  th e  model does not a c c u ra te ly  r e p re s e n t  
th e  behaviour o f  th e se  e l a s t i c  c o n s ta n ts  during  an n ea lin g ,  bu t th e
s c a t t e r  in  th e  experim enta l v a lu e s  makes a d e f i n i t e  conc lus ion  
d i f f i c u l t .
7*4* Hexagonal Symmetry
As o u t l in e d  in  S ec tio n s  7*3*1 to  7*3*5? th e  experim enta l system 
i s  more n e a r ly  hexagonal th an  orthorhom bic. A t e a t  o f  the  hexagonal 
system i s :
C66 « C11 - C12>
Now th e  e l a s t i c  co n s ta n t  was only  measured f o r  th e  R ig idex  
2000 s e r i e s  and a graph o f  th e  d i f f e r e n c e  between C^  and th e  terra 
skown F igu re  7 .1 3  fo r  R ig idex  2000. I t  shows 
th a t  a p a r t  from one r e s u l t  the  equa tion  i s  obeyed to  w i th in  a few 
per  c e n t .
» t
The r e l a t io n s h ip s  between th e  e l a s t i c  c o n s ta n ts  C C
i f f
C , C an(* G 23 hexagonali system to  G.^, C ^ ,  G ^ ,  C449
C__, C . . ,  C_rt,C__ and C . .  in  th e  orthorhombic system a re  shown 55 66 1 2  f 13 23
in  Table 7*5* The t h e o r e t i c a l  r e s u l t s  o f  Odajima and Maeda, and 
Wobser and B lasenbrey  transform ed to  th e  'hexagonal system, a re  shown 
in  Table 7*6. •
7*5 Conclusions
The dominant phase i n  th e  d e te rm in a tio n  o f  the  va lu e  o f  th e  
t e n s i l e  e l a s t i c  co n s ta n t  G ^» t s shown to  be th e  amorphous ph ase .
The o r i e n ta t i o n  o f  th e  c r y s t a l l i n e  phase has only a secondary e f f e c t  
on th e  va lue  o f  C ^ .  . . The simple s t r u c t u r a l  model developed to  
r e p re s e n t  the  experim enta l system was shown to  be a c c u ra te  f o r  
almost a l l  o f  th e  e l a s t i c  c o n s ta n ts  o f  th e  orthorhombic system .
The model p r e d ic t io n  o f  th e  dependence o f  c e r t a i n  o f  th e  e l a s t i c  
c o n s ta n ts  on th e  c r y s t a l l i n i t y  o f  th e  system was shown to  he 
s u b s t a n t i a l l y  c o r r e c t .
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P o s i t i v e  v a lu e s  i n d i c a t e  t h a t  £ ( C L ,- C ,p )  
i s  g r e a t e r  th a n  C^g.'
Table 7 ,1 .
T h e o re t ic a l  e s t im a te s  o f  th e  e l a s t i c  c o n s ta n ts  o f  p o ly e th y len e  c r y s t a l s  
by Odajima and Maeda (column A and r e fe re n c e  42) and Wobser and 'B lasenbrey 
(column B and re fe re n c e  43)•
A ' 
(GPa)
B
(GPa)
° l l c 8.71 12.50
°22 c 4.83  . 13.75
°33c 257.1 325.4
°44c 0 .78 1.98 j
C55c 2.83 • - 3.19
C66c ; 2.06 6.24
°12c 1.16 7.34
°13c 5 .84 3.96
°23c 2.55 e
2.46 •
Table 7 .2
Experim ental and T h e o re t ic a l v a lu es  o f  Young's moduli o f  p o ly e th y le n e .
E E, a d
(GPa) (GPa)
Ec
(GPa)
Reference
Experiment a l
240 157,158
3.2- 3.9 240 159
T h e o re t ic a l
5*7  2.1  -  160 
2.1  • 2.1  -  161
-  340  162
-  -  . 1 8 2  '• 163
-  - 2 9 0  . 164
4.76  8.33 256.4 42
9.44  8 .56  324 43
Table 7*3
The v a r i a t i o n  o f  d e n s i ty ,  long p e r io d  and w ith draw r a t i o  fo r  
R ig idex  9 drawn a t  rJ0°0 •
Draw R a tio  D ensity  Long P er io d  C ^
(kgra (nm) (GPa)
1 - 9 6 6  -  6.36 
11 965 22.4 39.26
14 965 22.0  47.65
17' 966 23.3 55.34
22 966 23.2  67.69
25 967 23.2  72.20
Table 7 .4 .
The v a r i a t i o n  o f  d e n s i ty ,  long  period  and w ith  draw r a t i o  f o r  
Alkathene drawn a t  55 C.
Draw R a tio  D ensity  Long P eriod
(kgm . (nm) (GPa)
1 916 -  3 .87
2 922 11.2  4.82
2.5  922 ■ 11 .8  4*77
3 923 1 1 .8  4 .9 2
3.25 923 12 .3  5 .09
3.5 922 .13.1 5 .11
Table 7 .5
The e l a s t i c  c o n s ta n ts  o f  th e  hexagonal system expressed in  term s o f  
th e  e l a s t i c  c o n s ta n ts  o f  th e  orthorhombic system.
0*11 i (3Cn  + 3022 * 2C12 * 4C66)
° 33 = °33
o' .  »  +  G r r C )44 44 55'
e  12 ' *  (C11 * ° 2 2  "  4066 *  6C1 2 )
f
0 13 = -g(C13 + C23)
c '  * U c „  -  C , J
66 11 12V
i  (cu  + 022 -  2012^ 4C66)
Table 7*6
T h e o re t ic a l  e s t im a te s  o f  th e  e l a s t i c  c o n s ta n ts  o f  p o ly e th y len e  c r y s t a l s  
transfo rm ed  to  hexagonal symmetry.
Column A s v a lu es  o f  Odajima and Maeda, r e fe re n c e  42 
Column B : v a lu e s  o f  Fobser and Ble.senbrey, r e fe re n c e  43*
G l i e
C' 33o
»
C 44c 
C ' 66c  
C'l2 c  
C' l3 c
A B
(GPa) (GPa)
6*4 14*8
257*1 . 325.4
1 .81 ' . 2.59
2.43 4*57
1*53 5*67
4*20 3*21
CHAPTER 8 
Recommendations f o r  f u r th e r  workm*-- 1 t - - ' ' - i -........ . .
This study has i l l u s t r a t e d  the  in f lu e n c e  o f  o r y s t a l l i j p l ty
t
on th e  type  and e x te n t  o f  deform ation  du r ing  drawing and an n ea lin gI
• I
and i t s  u l t im a te  e f f e c t  on th e  e l a s t i c  c o n s ta n ts  o f  th e  specimen*
I t  would be u s e fu l  to  extend th e  range o f  t h i s  s tudy to  g rades  o f  
p o ly e th y len es  w ith  d e n s i t i e s  o f  about 930 kgm or 940 kgm .. These 
would have th e  advantage th a t  th ey  would e x h ib i t  th e  c h a r a c t e r i s t i c s  
o f  low d e n s i ty  p o ly e th y len e ,  w h i ls t  a llow ing  th e  p ropaga tion  o f  
u l t r a s o n ic  shear  waves to  enable th e  measurement of th e  sh ea r  e l a s t i c  
c o n s ta n ts .  An a l t e r n a t iv e  approach would be  to  make experim ents  .on 
one p a r t i c u l a r  polymer system which i s  a v a i la b le  in  a  wide range o f  
c r y s t a l l i n i t i e s .  An example i s  polyphenylene su lph ide  which, 
accord ing  to  i t s  therm al h i s to r y ,  may be prepared  w ith  a c r y s t a l l i n i t y  
in  th e  range 5^ to  65$ (179)*
The work o f  Cappacio, Barham, Takayangi and P o r te r ,  (46,50*51,52) 
has shown th e  e f f e c t  o f  p re p a ra t io n  techn ique  on the  ach iev ab le  modulus. 
To d a te ,  th e  m a jo r i ty  o f  th e se  s tu d ie s 'h a v e  concerned them selves  w ith  
measuring the  t e n s i l e  modulus in  th e  o r i e n ta t i o n  d i r e c t i o n .  I t  would 
be p r o f i t a b l e  to  use an u l t r a s o n ic  techn ique  to  measure a l l  th e  e l a s t i c  
c o n s ta n ts  o f  such h ig h ly  o r ie n te d  specimens.
One o f  th e  l i m i t a t i o n s  o f  t h i s  p re se n t  study was t h a t  only hex-  
agona lly  symmetric m a te r ia l  could be p rep a red .  I t  has been shown t h a t  
specimens o f  s u i t a b le  s iz e  f o r  u l t r a s o n ic  measurements can be p repared  
w ith  orthorhombic symmetry ( l8 0 ,  l 8 l ) .  I t  irould be u s e fu l  t h e r e f o r e  
to  compare the  e l a s t i c  consta-nts o f  such m a te r ia l  w ith  the  t h e o r e t i c a l  
e s t im a te s  of  Odajima and Maeda (42) and Wobser and B lasenbrey  (43)*
T his work, in  common w ith  o th ers (1 5 0 , 173, 1 7 4 ), has shown the
im portance o f  c h a r a c te r iz in g  th e  o r i e n ta t i o n  o f  both th e  c r y s t a l l i n e  
and amorphous phases to  c o r r e l a t e  th e  m ic ro s tru c tu re  w ith  e
shown to  be u s e fu l  i n  m onitoring  changes i n  bo th  phases s im u lta n e o u s ly .  
The com bination o f  X-ray d i f f r a c t i o n  tech n iq u es  and i n f r a - r e d  d ic h ro ic  
measurements would appear to  be th e  most s u i t a b le  means o f  de te rm in ing  
th e  o r i e n ta t i o n  o f  u n i t  c e l l  and lam e llae  du r ing  de fo rm ation . An 
a d d i t io n a l  p o t e n t i a l l y  powerful in f r a - r e d  techn ique  has been  developed 
by Zhurkov ( l8 2 )  and Wool and S ta t to n  ( 183, 184).• This  tech n iq u e  
in v o lv es  observ ing  th e  changes in  p o s i t io n  and shape o f  th e  absorbance 
bands in  t h e ’ in f r a - r e d  spectrum o f  a polymer when i t  i s  su b je c te d  to  
an app lied  s t r e s s .  I t  has been shown t h a t  th e r e  i s  a  l i n e a r  
r e l a t i o n s h i p  between th e  frequency s h i f t  i n  the  absorbance band and 
th e  app lied  s t r e s s  and i t  i s  p o s s ib le  th e r e fo r e  to  determ ine to  what 
e x te n t  each phase accommodates the  s t r e s s .  I t  was observed in  
o r ie n te d  po lypropylene , f o r  example, t h a t  each phase was a f f e c te d  by 
the  app lied  s t r e s s  bu t t h a t  th e  cha ins  in  th e  amorphous phase 
accommodated p ro p o r t io n a te ly  more s t r e s s  th a n  those  i n  th e  c r y s t a l l i n e  
phase. This techn ique  could be extended to  observe changes d u r in g  
s t r e s s  r e l a x a t io n  or a n n ea l in g .
The most d i r e c t  method o f  e s ta b l i s h in g  th e  l o c a t io n  o f  th e  
amorphous phase i s  by d i r e c t  o b s e rv a t io n .  The r e c e n t  d isco v e ry  by 
Grubb e t  a l  (147) o f  a s ta in in g  technique  to  p r e f e r e n t i a l l y  c o n t r a s t  
the  amorphous phase o f f e r s  g re a t  p o t e n t i a l  i f  th e  tech n iq u e  were to  
be a p p lied  to  a s y s te m a t ic a l ly  deformed s e r i e s  o f  specimens eg . &n 
annea lin g  s e r i e s .
o v e ra ll '  p r o p e r t i e s .  I n f r a - r e d  d ichroism  tech n iq u es  have b
- In  t h i s  s tudy , d i f f e r e n t i a l  scanning c a lo r im e try  was used to  
measure th e  cha in  fo ld  le n g th  o f  the  la m e l la e .  The i n t e r p r e t a t i o n
of th e  r e s u l t s  from t h i s  techn ique  proved to  he a l i t t l e  d i f f i c u l t
: ’ ■ '
mainly as a r e s u l t  o f  the  morphological changes t h a t  occurred  du r ing  
th e  measurement. To overcome t h i s  problem i t  i s  n e c e s s a ry \ to  p reven t 
any th e rm a lly  a c t iv a te d  m ic ro s t ru c tu ra l  changes and t h i s  has been 
s u c c e s s fu l ly  achieved by 7 - r a y ' i r r a d i a t i o n  which p a r t i a l l y  c ro s s  l i n k s  
th e  system to  s t a b i l i s e  i t .  (103, 148) .  This makes i n t e r p r e t a t i o n  o f
th e  r e s u l t s  r a t h e r  l e s s  ambiguous.
An a l t e r n a t iv e  method o f  measuring th e  fo ld  le n g th  i s  by Raman 
spec troscopy  u s in g  l a s e r  r a d i a t i o n  (185 -  188). Laser-Raman spec tro sco p y  
has a lso  been used in  experiments anal agous to  th o se  o f  Zhurkov and S ta t to n  
d e ta i l e d  above, to  monitor th e  s t r e s s  response o f  th e  system (189)#
A d e ta i le d  d is c u s s io n  of the  v a r io u s  u l t r a s o n ic  s t r e s s  wave 
v e lo c i ty  measuring tech n iq u es  used in  t h i s  s tudy  was g iven  in  C hapter  3* 
Prom t h i s  i t  emerged t h a t  the  c o n tac t  probe techn ique  gave r e p ro d u c ib le  
and acc u ra te  r e s u l t s .  The v a l i d i t y  o f  th e  r e s u l t s  from th e  tech n iq u e  
could be improved i f  th e  measurements were-made a t  a known tem pera tu re  
and p re ssu re  and t h i s  could be achieved by a simple m o d if ic a t io n  to  
the  a p p a ra tu s .  •
I t  would be i n t e r e s t i n g  to  measure th e  tem pera tu re  dependence o f  
th e  e l a s t i c  c o n s ta n ts ,  and a lso  to  extend th e  techn ique  to  measure th e  
e l a s t i c  c o n s ta n ts  o f  th re e -p h a se  m a te r ia l s .  A g l a s s - f i b r e  o r  g la s s  
sphere r e in fo rc e d  grade o f  po lye thy lene  would provide a u s e fu l  experim en ta l 
system fo r  t e s t i n g  th e  a p p l i c a b i l i t y  of th e  s t r u c t u r a l  model developed 
in  t h i s  work to  r e in fo rc e d  'th e rm o p la s t ic s .  In  a d d i t io n  to  m on ito ring  
and c o r r e l a t i n g  th e  o r ie n ta t i o n  o f  th e  c r y s t a l l i n e  and amorphous
phases o f  th e  p o lye thy lene  w ith  th e  e l a s t i c  moduli, account would 
have t o  he tak en  o f  th e  p ro p o r t io n  and o r i e n ta t i o n  o f  th e  r e in f o r c in g  
f ib re *
APPENDIX
A*1 The r e l a t i o n s h i p  between C. S. and E , E, , and Ev 13 1.1 a 7 b
For orthorhombic symmetry th e  e l a s t i c  c o n s ta n ts  C . . a re  g iven  by:
I 11
°12 . °13 0 0 0
\  C12 °22 C23
0 0 0
°13 °23 C33 ’
0 0 0
0 0 0 °44 0
0
1 0
0 0 0
55
0
V  0 o 0 0 0 G66
Hence
compliance c o n s ta n ts  S.*.
10
bys
S11 S12 S13 0 0 0
S12 S22 S23 0 0 0
S13 S23 S33 °
0 0
0 G
° S44( 0 ,
0
0 0 0 ' 0 S55
0
0 0 . 0  0 0 S66
S11 = p (C22 C3 3 - ■ C232>
S22 = F (C11°33 - Ci32 )
S33
ss P ('C1 1 C2 2 - • C122)
S44
r* - 1
44
cs r  - 1
55 55
S6*6 = c - 1
. 66
S12 St P(C13 C23 - °12C33>
S13 = P (C12 C23 “’ °22 C13^
S23 p (g12 c13 - ‘ C11 °23^
The r e l a t i o n s h i p  between th e  Young's moduli E^, E^, and E^  
p a r a l l e l  to  th e  a , b  and £  axes o f  th e  u n i t  c e l l  and S . . ares
measured
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